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Abstract
Hosts and Environments of Low Luminosity Active Galaxies in the Local Universe:
The Care and Feeding of Weak AGN
John Kenneth Parejko
Michael S. Vogeley, Ph.D.
The observed relationship between the mass of a galaxy’s supermassive black hole and the galaxy’s
bulge mass suggests a relationship between the growth of the galaxy and the growth of its central
black hole. When these black holes grow, they release phenomenal amounts of energy into their
surroundings, possibly disrupting further growth of the galaxy. The feeding (inflowing matter)
and feedback (outflowing energy) of a galaxy’s central black hole may be intimately related to the
properties of the host’s environment, on scales many orders of magnitude beyond the black hole’s
gravitational influence. While feeding, a massive black hole reveals itself as an Active Galactic
Nucleus (AGN), but only a few percent of all galaxies show evidence of an AGN. This thesis focuses
on this question: What distinguishes galaxies that are currently hosting actively accreting black
holes from those that are not?
We use the vast data set provided by the Sloan Digital Sky Survey (SDSS) Data Release 7
(DR7) to study the environments of a well defined sample of AGN hosts. To reduce contamination
by galaxies that do not harbor actively accreting black holes, we define a clear, unambiguous sample
of local AGN. Using this sample, we search for AGN in merging galaxies and measure the 2-point
cross-correlation function of AGN and all galaxies to estimate the envrionments of AGN hosts
compared to non-AGN hosts. We also describe trends in different subsamples of AGN, including
luminosity and classification sub-type. Finally, we show how these techniques may be applied to
future data sets such as forthcoming SDSS III data and X-ray data from the eROSITA satellite.

1Part I
Introduction and Background
2Chapter 1: Introduction
1.1 What does “AGN” mean?
1.1.1 Accreting supermassive black holes
There is now a broad consensus that the centers of nearly all massive galaxies host supermassive
black holes (SMBH). Some of these black holes are accreting a substantial amount of material, while
others are nearly dormant, with no easily observable accretion. Like dormant versus active volcanos,
non-active black holes make up the vast majority of systems, and the exact reason for a particular
system to change from dormant to active is usually unclear. Clearly, black holes begin accreting
material when there is more accretable material in their immediate vicinity, but how that material
arrives near the black hole with low enough energy and angular momentum to be accretable depends
on many factors. The manner in which material reaches a given SMBH can affect how the system
is observed and classified, and even whether or not it can be observed at all.
The field of observational astronomy has long been plagued with purely empirical definitions
of objects. Given its history as a typically data-driven science (CITE?), this is understandable,
but it has lead to significant confusion over terminology. There are a wide variety of terms that
are used to refer to actively accreting supermassive black holes in galaxies: Active Galactic Nuclei
(AGN), quasars, Quasi-Stellar Objects (QSOs), Seyfert galaxies, Low Ionization Nuclear Emission-
line Regions (LINERs), types 1, 1.5, 1.8, 1.9, and 2 AGN, blazars, BL-Lacs, BALQSOs, LoBALs,
FeLoBALs, Ultra-Luminous InfraRed Galaxies (ULIRG), and radio galaxies, with their own plethora
of sub-types. Many of these names were assigned to observed objects long before their nature as
accreting SMBHs were known. The unification theory (Antonucci, 1993; Urry & Padovani, 1995)
developed out of an attempt to provide a single, consistent description for these quite diverse phe-
nomenon.
However, having a set of precisely defined classes has advantages as well. When describing the
properties of a sample of objects, if two or more distinct classes are indiscriminantly merged into one
3class, important facts about those subsamples may be missed. This is a common problem in studies
of AGN, where LINERs (Heckman, 1980) and Seyferts (Seyfert, 1943) are often grouped together
via an overly broad optical spectroscopic classification. Studies that separate these two classes (e.g.
Constantin & Vogeley, 2006) find significant differences in host properties, environments, black hole
masses and accretion rates. Classifications must be carefully chosen and be both broad enough to
encompass the majority of objects of interest, while precise enough to separate objects that are
members of very different parent populations.
A particular emphasis of this thesis is an attempt to clarify some of these classification prob-
lems, and showcase examples where astronomers have applied overly broad definitions, resulting in
sometimes misleading and incorrect conclusions about the properties of accreting supermassive black
holes in the Universe. For the purposes of this thesis, unless it is specifically specified otherwise, the
term AGN will refer to an actively accreting supermassive black hole near the center of a galaxy,
whose accretion produces enough emission to distinguish it from the surrounding galaxy in some
way. This definition would thus not include systems like our Milky Way’s black hole, Sgr A*, which
is undergoing extremely low levels of accretion and is practically invisible (Melia & Falcke, 2001),
even to observers only a few thousand parsecs distant, like us. I have intentionally chosen not to use
a quantitative definition in this case, as a strict luminosity cut (as is often done to separate quasars
from other AGN) would equally reject strongly accreting, small mass black holes with low mass host
galaxies, and weakly accreting, very large black holes, which represent two different classes of AGN
that are each important to the evolution of their host galaxies. Additionally, I do not want to ignore
the many available methods for identifying AGN (see Chapter 2), and it can be very difficult to
transfer a given selection criterion from one wavelength to another, assuming there is even a clear
relationship available!
1.1.2 Type 1 vs. type 2
One aspect of the “classification problem” that is of particular importance to this work is the
distinction between type 1 and type 2 AGN. Khachikian & Weedman (1974) originally proposed to
separate Seyfert galaxies, “a galaxy recognizable on Sky Survey prints that has broad emission lines
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4Figure 1.1.1: Type 1 vs. type 2 AGN. On top is a galaxy hosting a type 1 AGN, with
broad Hα and Hβ emission lines in the spectrum, and a substantial non-stellar component
to the continuum. On the bottom is a galaxy hosting a type 2 AGN, with narrow emission
lines. The type 2 AGN is identified as such by the ratios of its emission lines. The images and
spectra are from SDSS DR7. Both spectra are shown in the observed frame. The names to the
right of the redshifts in the spectra (“QSO” and “Galaxy”) are the SDSS spectroscopic pipeline
identifiers, based on the cross-correlation template spectra or emission-line redshift with the
highest confidence level.
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5arising in a bright, semistellar nucleus,” into two classes. Class 1 Seyfert galaxies have Hydrogen
Balmer lines that are much broader than the observed forbidden lines, while class 2 Seyferts have
forbidden and Balmer lines that are the same width. These definitions are still in use in roughly
the same manner, but they have been extended to apply to objects with no galaxy visible in the
photometry. A representative of each type is shown in Figure 1.1.1, both taken from the Sloan
Digital Sky Survey (SDSS) DR7.
The spectrum of a type 1 AGN shows broad hydrogen emission lines, & 1000km/s full-width at
half-maximum (FWHM), and usually also shows a power-law component, increasing toward shorter
wavelengths, from the red end of the accretion disk thermal emission. In the brightest type 1 AGN,
the power law completely swamps the light from the host galaxy, while in lower-luminosity type 1
AGN some of the galactic stellar emission is still apparent in the spectrum.
On the other hand, a type 2 AGN has no broad emission lines, substantial emission from forbidden
transitions of Oxygen and Sulphur and no measureable power-law continuum component to the
spectrum. AGN unification theory proposes that the difference between type 1 and type 2 AGN is
the presence of obscuring material along the line of sight to the very central regions where the power
law continuum and broad emission lines are produced. Identifying the presence of a type 2 AGN in
a galaxy’s spectrum is covered in more detail in Section 2.2.1.
1.1.2.1 A brief diatribe on sociological biases among astronomers
The type 1/type 2 distinction, combined with the long running debate about the nature of quasars
(and quasar redshifts), has resulted in some rather unfortunate separations in the astronomical
community. Although the fact that quasars lie in galaxies was established in the early 1980s (Boroson
& Oke, 1982), there has long been a divide between “galactic astronomers” and “quasar astronomers.”
This divide is only now beginning to be closed, on the observational side through eigenspectral
decomposition of high luminosity AGN spectra to extract host galaxy properties (e.g. Vanden Berk
et al., 2006), precision photometry of high redshift quasars to separate the extended host galaxy and
central point source (e.g. McLeod & Bechtold, 2009), and unified studies of signficant numbers of
type 1 and type 2 AGN selected from the same sample (e.g. Hao et al., 2005a), and on the theoretical
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6side with semi-analytic modelling of galaxy evolution now including models for black hole feeding
and feedback (e.g. Hopkins et al., 2006) and models of quasar evolution and clustering incorporating
cosmology and galaxy formation (e.g. Bonoli et al., 2009).
This separation has been showcased in the bi-annual American Astronomical Society (AAS)
meetings, where up until the Winter 2010 meeting, those presenting on AGN and their hosts had to
choose between the “AGN, QSO, Blazars” section, and the “Galaxies” sections. The 215th meeting
of the AAS added a section titled “AGN and Host Galaxy Coevolution,” but only after abstracts
had been submitted. One hopes that future meetings will incorporate such a topic section in the
registration process.
Even in recent times, however, those who work on galaxies are generally not interested in broad-
line AGN locally, because they complicate light profile fitting and produce spectral features that
complicate fitting of the stellar continuum. At the same time, those who work on quasars are
not interested in broad-line AGN locally, because they are not luminous enough to be considered
“quasars,” and because the host galaxy light contaminates the AGN light. This has resulted in a few
thousand broad-line AGN in the local universe that are essentially un-analyzed! The broad line AGN
shown in Figure 1.1.1 is an example of just this problem: the continuum has both stellar absorption
features and a weak power-law/iron complex increasing in flux toward the blue end (∼ 4000Å in
the plotted spectrum), in addition to the very broad Hydrogen Balmer features. This galaxy is not
included in most “galaxy” catalogs (e.g. the MPA/JHU value added catalog, Brinchmann et al.,
2004), because the spectrum is not primarily galactic, and it is not included in the SDSS quasar
catalog (Schneider et al., 2010) because it has an absolute i-band magnitude dimmer than -22.
In chapter 6, I attempt to bridge this gap using data from the SDSS to study the environments
of broad and narrow line AGN in the same volume, selected from the same data set. There is
much further work to be done in this area, including properly matching the broad and narrow
line AGN samples on black hole mass and bolometric luminosity and their hosts on morphology,
luminosity, stellar mass and stellar age. With modern spectral fitting codes, and 2-d light profile
fitting techniques to separate the AGN and galaxy light, significant new tests of the unification
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1.2 The Black Hole Mass/Galaxy Bulge Relationship
The correlation between bulge mass and black hole mass (Kormendy & Richstone, 1995; Magorrian
et al., 1998; Tremaine et al., 2002; Gültekin et al., 2009) appears to hold across a large range of
galaxy types, from low mass, nearly bulge-less galaxies (Greene et al., 2008; Barth et al., 2008) to the
most massive ellipticals (Kim et al., 2008). The Milky Way’s SMBH, Sgr A*, (Melia & Falcke, 2001)
lies on the same relation, but it is barely accreting at present (Markoff, 2005). But not only does
correlation not imply causation, it does not require any direct relationship at all. Is AGN feedback
important in defining this relation (Adelberger & Steidel, 2005)? Or is the only link between the
growth of bulges and black holes the merger process that both increases the mass of the bulge and
drives material onto the black hole?
To demonstrate this relationship, I have reproduced Figure 1 of Gültekin et al. (2009) in Figure
1.2.1. Gültekin et al. (2009) combined 49 measurements and 19 upper limits of MBH and σ? from
many different sources, to refine the best fit and scatter between these properties. They found a
best fit for the relation of
log(MBH
M
) = (8.12± 0.08) + (4.24± 0.41) log( σ?200 km/s ), (1.2.1)
with an intrinsic rms scatter of 0.44 ± 0.06. There is, as yet, no clear evidence for a significant
difference in this relationship between black holes with different accretion rates or different host
morphologies. There are suggestions that narrow-line Seyfert 1 galaxies, which may represent black
holes that have just recently begun to accrete (Collin & Kawaguchi, 2004), are less massive than
expected, given their bulge masses (Bian & Zhao, 2004). Although this would be expected if there
is a delay between the growth of the bulge through merger-induced star formation and the growth
of the black hole, the evidence is not yet convincing (Botte et al., 2005).
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8Figure 1.2.1: M−σ relation for galaxies with dynamical measurements. The symbol indicates
the method of BH mass measurement: stellar dynamical (pentagrams), gas dynamical (circles),
masers (asterisks). Arrows indicate 3σv68 upper limits to BH mass. If the 3σv68 limit is not
available, we plot it at three times the 1σv68 or at 1.5 times the 2σv68 limits. For clarity, we only
plot error boxes for upper limits that are close to or below the best-fit relation. The color of
the error ellipse indicates the Hubble type of the host galaxy: elliptical (red), S0 (green), and
spiral (blue). The saturation of the colors in the error ellipses or boxes is inversely proportional
to the area of the ellipse or box. Squares are galaxies that we do not include in our fit. The
line is the best fit relation to the full sample: MBH = 108.12M (σ/200km/s)4.24 . The mass
uncertainty for NGC 4258 has been plotted much larger than its actual value so that it will
show on this plot. For clarity, we omit labels of some galaxies in crowded regions. Figure and
caption from Figure 1 of Gültekin et al. (2009).
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Many previous studies (e.g. Kauffmann & Haehnelt, 2002; Porciani et al., 2004; Serber et al., 2006;
Li et al., 2006; Constantin & Vogeley, 2006; Coil et al., 2007; Bonoli et al., 2009) have looked at the
clustering of various classes of AGN with different selection functions and across a range of AGN
luminosity. But the real question is not “how do AGN cluster” but rather, “what distinguishes
AGN hosts from quiescent hosts” and what does that tell us about the nature of AGN feeding and
feedback? Why is one galactic black hole “on” and another “off?” Correlation functions attempt to
answer this question by identifying the environment of “ordinary ” galaxies that most resembles the
environment of a given class of AGN. But this only serves to tell us that AGN reside in a certain
kind of host. These studies suggest a relation between some property or properties of the host (e.g.
star formation history, NH column density, morphology) and the accretion rate of the AGN, but
they do not directly bear on whether the AGN influences the history of the host.
There is still tension between models where major mergers are the primary driver of AGN
activity (e.g. Hopkins et al., 2006; Fakhouri & Ma, 2009) and models where secular evolution and
gas dynamics in individual galaxies fuels the AGN (e.g. Hopkins & Hernquist, 2006; Fakhouri &
Ma, 2010). The likely solution of this tension involves a combination of these factors, with major
mergers of large, gas-rich disky galaxies driving rapid growth of the largest black holes and powering
the most massive quasars, while bar and disk instabilities, stellar winds and turbulence powers lower
luminosity AGN in the current universe. This picture is consistent with “cosmic downsizing” (Cowie
et al., 1996; Hopkins et al., 2007), where the largest structures (e.g. massive galaxies with large black
holes) formed early in the universe, while smaller galaxies are currently forming stars and growing
their black holes.
1.4 AGN feedback
Accretion onto a black hole is one of the most efficient mass to energy conversion processes known.
A stable, spherically symmetric system where the inward gravitational force equals the outward
force from radiation pressure is said to be accreting at the Eddington Limit. A black hole that is
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isotropically accreting at this “maximum stable rate,” will have a luminosity of
Ledd =
4piGcmp
σe
MBH ≈ 1.26× 1038(MBH
M
) erg/s, (1.4.1)
where σe is the Thomson scattering cross-section for electrons, mp the proton mass, G the grav-
itational constant, c the speed of light, and MBH the black hole mass (Peterson, 2003, p. 33).
The Eddington ratio, LBH/LEdd, is thus a proxy for the accretion efficiency. For example, nearby,
low luminosity AGN have Eddington ratios below ∼ 10−3 (Ho, 1999), while some highly luminous
quasars appear to have Eddington ratios of 0.1− 10 (Collin & Kawaguchi, 2004). Super-Eddington
accretion is possible for non-stable accretion, strong, anisotropic outflows (Jaroszynski et al., 1980;
Ohsuga et al., 2005)
This energy output is comparable to the gravitational binding energy of the entire host galaxy.
In Section 1.2 I discussed the observed relationship between black hole mass and stellar velocity
dispersion, MBH ≈ 108( σ?200km/s )4M. Similarly, the mass of a galaxy (or galaxy bulge) in virial
equilibrium1 can be expressed in terms of the stellar velocity dispersion as
Mgal = reσ2/G ≈ re
kpc × 10
6( σ
km/s
)2M, (1.4.2)
where re is the effective radius of the galactic bulge, which is typically 0.5− 10 kpc. If the radiative
efficiency of the black hole’s growth is  (i.e. the feeding efficiency of the black hole is 1 − ), then
the energy released by the black hole throughout its growth is EBH = MBHc2. Thus, taking the
binding energy of the galaxy to be Egal ≈Mgalσ2, we have EBH/Egal ≈  ∗ 103 for a typical galaxy
(re ∼ 1 kpc). Thus, even if the black hole only radiates at 1% efficiency, it produces an order of
magnitude more energy than the binding energy of the entire host galaxy. A more detailed analytical
treatment, reaching similar conclusions, is given in Silk & Rees (1998); Fabian et al. (2006).
This immense radiative power cannot affect pre-existing stars in the host galaxy, but it can
certainly influence the gas. But it is still very uncertain how, and with what efficiency, the energy
1Though real galaxies are not fully virialized, the approximation is close enough for our purposes.
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couples to the galactic gas and dust. Direct observations of AGN “feedback” are still non-existent in
all but the most massive systems, where the AGN has carved out caverns in the surrounding cluster
gas (Fabian et al., 2005). In smaller hosts, with less massive SMBHs, the magnitude and method
of AGN feedback is still unknown. Nonetheless, the powerful output from the growing black hole
has strong implications for the relationship between the AGN and its host galaxy, and it has been
proposed that it drives the shut down of star formation (Hopkins et al., 2006) and turns blue, star
forming galaxies into “red and dead” ellipticals (Silk & Rees, 1998; Benson et al., 2003; Schawinski
et al., 2007; Constantin et al., 2008).
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Part II
Identifying and Classifying AGN
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Chapter 2: Identifying AGN in the Local Universe
2.1 AGN SEDs and multi-wavelength selection
The initial goal of this project was to produce a sample of Low Luminosity Active Galactic Nuclei
(LLAGN) in the nearby universe from which we could measure important properties, such as bolo-
metric luminosity (Lbol) and black hole mass (MBH), and thus estimate accretion rate. In addition,
with a large, uniformly selected sample of LLAGN, we could perform comparisons with higher lumi-
nosity AGN and with galaxies without AGN, and study the properties of LLAGN hosts with central
engines of different luminosity. Though the original goals of the project were not fulfilled due to in-
sufficient data quality, the work helped verify that using a purely optical spectroscopic classification
scheme achieved our goal of separating AGN from non-AGN hosts, and identified several paths for
the use of future data sets.
2.1.1 Previous work
The integral of the complete spectral energy distribution (SED) of an object gives its bolometric
luminosity. But obtaining the complete SED of even one object is quite difficult: until very recently,
the region between ∼ 100µm and ∼ 1mm was completely inaccessible (Holland et al., 1999), data
longward of∼ 10µm had rather poor resolution (e.g. IRAS, Neugebauer et al., 1984), far-UV photons
significantly beyond the Lyman limit are completely absorbed by galactic and intergalactic neutral
hydrogen, and X-ray data above ∼ 2 keV was very expensive to obtain1. Far-IR, microwave and sub-
mm emission is produced by cool gas and dust, and constitutes much of the reprocessed emission
from the originally higher energy UV and X-ray AGN radiation (Storchi-Bergmann et al., 1992;
Fabian et al., 2006; Deo, 2007). Even with these gaps, several groups have constructed substantially
complete SEDs for small numbers of AGN (and a larger number of quasars), from which they have
estimated accretion rates and computed bolometric corrections for various individual photometric
bands and/or emission lines. The bolometric corrections (the ratio between Lbol and some luminosity
1Chandra observing time is valued at > $12, 000 per hour, not counting construction and launch costs.
14
measured in a small range, typically either LHβ or L5100Å) from a large sample of nearly complete
SEDs allow one to estimate Lbol for even larger samples of objects. However, early samples of AGN,
at both low and high luminosity, were chosen based on whatever objects had detections available.
These samples could rarely be described as “uniform,” and were often based on whatever objects
had X-ray observations, as the X-ray data was often one of the most difficult to obtain. More recent
studies have started with complete, uniform optically selected samples, but have been restricted to
higher luminosity objects.
At high luminosities, Elvis et al. (1994) produced a catalog of 47 quasars (29 radio quiet, 18 radio
loud) that had high signal-to-noise observations with the Einstein satellite. Thus, this sample was
selected based on the 0.1 − 3.5 keV observed-frame fluxes. The redshift range was 0.03 < z < 0.94,
with a median of z ∼ 0.15, so for the furthest objects, the rest frame of the X-ray emission was
0.2 − 6.8 keV. Thus, only for the handful of objects above z = 0.5 did the X-ray emission include
a significant contribution from the hard band (∼ 2− 10 keV), which is less easily obscured by dust.
These X-ray observations were supplemented by UV, far-IR, optical and radio data from a variety
of sources, including the International Ultraviolet Explorer (IUE), the InfraRed Telescope Facility
(IRTF), the Multi-Mirror Telescope (MMT), the InfraRed Astronomical Satellite (IRAS), the Very
Large Array (VLA), and other observations from the literature. These quasars ranged in bolometric
luminosity from ∼ 1045 to ∼ 1047 erg/s. The Elvis et al. (1994) mean quasar SED has become the
de facto standard for quasar SEDs, and is often used to “fill in” when data is missing from other
data sets.
More recently, Richards et al. (2006) used a more uniformly selected sample of 259 quasars in
the range 0.14 < z < 5.2, which were selected for optical spectroscopy by their optical colors as part
of the automated SDSS spectroscopic pipeline (Richards et al., 2002). These quasars were matched
to mid-IR data from the Spitzer telescope, and all but one of the optically selected quasars had data
in all four Spitzer IRAC bands (3.6, 4.5, 5.8, and 8.0 µm). These observations were supplemented,
where available, with UV data from GALEX, far-IR data from Spitzer, soft X-ray data from ROSAT
and radio data from the VLA. This represented a less haphazardly-selected catalog, and its large size
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allowed Richards et al. (2006) to study the quasar SEDs as a function of various properties, such as
optical reddening and optical luminosity. The sample included quasars with bolometric luminosities
from ∼ 1045 to ∼ 1047.4 erg/s and there was noticable variation in the mean SEDs for red and blue
quasars.
At low luminosities, Ho (1999) presented a sample of seven LLAGN, for which dedicated obser-
vations had provided dynamical measurements of the black hole mass. These seven objects ranged in
luminosity from ∼ 1041 to ∼ 1042 erg/s, roughly 5 orders of magnitude less than the quasar samples
described above, and all were in the very local universe (< 4− 92Mpc). Because these observations
involved dedicated targetting by the Hubble Space Telescope (HST) , the optical and UV data had
little contamination from the host galaxy. This is fortunate: at these luminosities the host galaxy
produces as much or more light than the AGN at all wavelengths, save possibly X-rays. This sample
had SEDs that were quite different from the mean SEDs of Elvis et al. (1994), with no evidence
for the “big blue bump” in the UV. But with only 7 objects spanning several apparent classes, Ho
(1999) could not construct reliable mean SEDs for low luminosity AGN. In order to do so, a larger
sample of LLAGN with multi-wavelength data is needed.
2.1.2 A large, uniformly-selected sample of local LLAGN?
In an attempt to reproduce the results of Elvis et al. (1994) and Ho (1999) for a large sample
of LLAGN, we combined data from radio (FIRST), to near-IR (2MASS), UV (GALEX) and soft
X-rays (ROSAT all sky survey) with spectroscopic measurements of galaxies from the SDSS DR4.
Because the SDSS main galaxy sample was constructed with the goal of obtaining spectra of nearly
all galaxies brighter than an extinction corrected magnitude of r = 17.7 (Strauss et al., 2002), it
contains a very large number of relatively uniformly selected LLAGN across a range of subtypes.
This work was made easier by the fact that the SDSS pipeline automatically matches objects to
both FIRST and ROSAT, though disentangling which objects are the true source of the radio or
X-ray data is non-trivial (see Chapter 3 for a new solution to this problem).
Fig. 2.1.1 shows some examples of the matched objects and survey overlaps. Note the large size
of the ROSAT error circle relative to the SDSS object. The GALEX objects cover the entire SDSS-
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Figure 2.1.1: Error circles and detection examples. The numbers are the SDSS ObjIds.
The grey-scale image is the SDSS r-band. On the left is an unclassified emission-line galaxy
with detections in each measured band. Some of the objects within the ROSAT error circle
may be high-redshift galaxies or quasars. On the right is a spiral with with the locations of
two SDSS spectroscopic fibers and the GALEX detections overplotted. The GALEX sources
obviously encompass the entire galaxy, and the GALEX flux is more likely associated with the
star-forming regions than the core.
detected galaxies, and thus represent the integrated light from the entire galaxy. For ellipticals, the
contribution from stars will be relatively small, but for any galaxy with active star formation, a
significant fraction of the UV light will be from starlight. Some method of subtracting this excess
light will be necessary, if we are to find the flux from only the central source.
From an inital sample containing over 500, 000 galaxies with spectra, after culling those with
poor signal-to-noise spectra and requiring detections in each of the surveys, we were left with only
9 galaxies. The SEDs of galaxies with available data are shown in Figure 2.1.2, with SEDs from Ho
(1999) for comparison. Note the substantially higher near-IR, optical and UV flux in our sample,
compared to the sample of Ho (1999). This is because our data comes from telescopes with resolutions
of order > 1′′, of objects from z ' .01 to z ' 0.2, while the LLAGN sample of Ho (1999) was observed
with HST, and consisted of very local galaxies. Our sample’s high fluxes between 2µm and 150nm
are due to contamination from the host galaxy. The weak AGN light is being entirely swamped by
integrated host emission. One technique for correcting for this problem involves detailed light profile
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Figure 2.1.2: SEDs of 9 galaxies with spectra in SDSS DR4, with detections in GALEX,
2MASS, FIRST and ROSAT. The black points show the SEDs for low luminosity AGN from
Ho (1999). Horizontal lines with downward-pointing arrows show the approximate detection
limit in that band for a source at z = 0.1. For reference, fλ = c2fν/λ2.
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fitting of each photometric filter, as described in Section 2.3.
Missing from this analysis are hard X-rays, which are produced in the region directly surrounding
the accretion disk, and far-IR data, where a substantial amount of reprocessed high energy flux
would be. Both of these wavelength regimes have very little all-sky coverage, though small area
targeted observations by Chandra and XMM/Newton from 0.1−10 keV and Spitzer from 3.6−70µm
do provide some data. This lack of wide area data will persist until the all sky maps of WISE
(3.5− 23µm) and eROSITA (0.2− 12keV ) are released in next few years.
Thus, we must sadly conclude that current data do not allow the construction of multi-wavelength
SEDs for a statistically signficant sample of low luminosity AGN.
2.2 Optical Spectroscopic Selection
2.2.1 The SED determines emission line ratios
At first glance, the spectrum of a type 2 AGN spectrum looks very similar to the spectrum of a
star forming region or emission nebula. The distinguishing features are in the relative fluxes of
different emission lines. The ionizing continuum producing the narrow lines in an AGN spectrum is
the accretion disk, with temperatures reaching millions of degrees Kelvin and peaking in the far-UV
or X-rays. The ionizing continuum in a star forming region is produced by O and B stars, with
temperatures of a few tens of thousand degrees and an emission peak in the near-UV. These each
produce different amounts of ionization of the various elements in the gas, and thus different amounts
of flux in each of the emission lines.
A detailed treatment of the physics of ionization by various continuum soruces in different types
of nebular gas can be found in Osterbrock & Ferland (2006).
2.2.2 BPT diagrams
Baldwin et al. (1981) described a method of separating galaxies with emission lines dominated by
ionization from star formation from those dominated by higher ionization sources (e.g. shocks, AGN)
using the ratios of six emission lines: Hα, Hβ, [O III], [N II], [S II] and [O I]. Kewley et al. (2001);
Kauffmann et al. (2003); Kewley et al. (2006) expanded on this by incorporating more detailed
photoionization modeling and fitting of obvious separatricies. The Kewley et al. (2006) classification
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Figure 2.2.1: Classification of galaxies using six narrow optical emission-lines: Hα, Hβ, [O III], [N
II], [S II] and [O I] detected at > 2σ from SDSS DR4 spectroscopy. The spectrum of the ionizing
flux in a galaxy determines its location on this diagram and thus its classification. Different classes
are identified by color, with stronger color representing a higher density of objects at that location.
The solid curve comes from theoretical modeling of galaxy starbursts from Kewley et al. (2001). The
dashed curve in the first plot is the empirical pure star formation line from Kauffmann et al. (2003).
The Seyfert/LINER separation line is an empirical separatrix from Kewley et al. (2006).
scheme is shown in Figure 5.2.1, with objects classified as HII, Seyfert, Transition and LINER labeled and
colored on each diagram and the curves separating the classes plotted in each diagram. Objects that are not
identified with one of these classes are termed “ambiguous” and are typically left out of further study.
A problem with this classification scheme is that it involves a 4-dimensional space, but the
classification curves are defined using only two parameters at a time. This results in regions in the
4-d space that are not included in any single classification, leading to the ambiguous systems. An
example is shown in Figure 2.2.2, where the log([OI]/Hα) vs. log([OIII]/Hβ diagram shows a “gap”
near the Seyfert/HII/LINER locus. This gap is caused by the 4-dimensional nature of this space.
The intersection of the various separatricies cause some regions, which should otherwise be included
in the classification, to be excluded (classified as “ambiguous”). A better technique would be a
Bayisean classification scheme that uses prior knowledge (such as hard X-ray emission) to identify
AGN and then measure the likelyhood that a given point is or is not an AGN, incorporating the full
4-dimensional clustering information. Such a study is sadly outside the scope of the present thesis.
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Figure 2.2.2: 6-line classification diagram filled with uniformly distributed random points in
the 4 dimensional space. The grey background shows the uniform random distribution, while
the colored areas are classified via the same scheme shown in Figure 5.2.1. Regions that are
uncolored, or with a lower density of points, showcase areas of the diagram that are missed, or
badly handled by this classification scheme.
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Figure 2.2.3: Shown here are objects whose classifications changed between DR4 and DR7. Clas-
sifications are shown by color: Seyfert, green; LINER, cyan; Transition, red; HII, blue. The top plot
shows those objects that had the given classification in DR4, but some other classification in DR7.
The bottom plot gives the reverse situation–those objects that had that classification in DR7 but some
other classification in DR4. The grayscale in the background shows all emission line galaxies in the
given sample with at least 2σ detections in all 6 lines (DR4 on the top, DR7 on the bottom).
2.2.2.1 Changes from DR4 to DR7
This classification scheme is strictly an A or B scheme (a strict, discrete, disjoint classification):
measurement uncertainty is not included, and objects that lie near the border of a classification
hyperplane could be identified as a different class given only a small change in the spectroscopic
fitting technique or because of the variance between observations of the same object. This problem is
clearly illustrated by comparing classifications based on the MPA/JHU spectroscopic galaxy catalog
for SDSS DR7 with the DR4 catalog provided by the same group.
Chapter 2: Identifying AGN in the Local Universe
22
Table 2.1: Classification differences between 560340 galaxies in both DR4 and DR7
class N(dr7) N(dr4) N(dr4)-N(dr7) N(dr7)-N(dr4)
passive 160323 148668 8572 20227
unclassifiable 177856 172722 30436 35570
out-of-box 80674 72152 18579 27101
Emission 141487 166798 28070 2759
HII 105447 118566 15734 2615
Transition 21695 29222 9324 1797
LINER 4902 8861 4666 707
Seyfert 6404 6541 851 714
ambiguous 3039 3608 1820 1251
Figure 2.2.3 shows differences between the DR4 and DR7 classifications for those objects that are
in both catalogs (essentially everything in DR4 is in DR7). Changes in classifications mostly occured
for objects close to the borders of the hyperplanes, but some objects further from the borders also
changed classifications. Changes in the spectroscopic pipeline from DR4 to DR7 included better
spectrophotometric fits in the SDSS pipeline, refinements to the MPA/JHU minimization code,
amd the use of new (as-yet unpublished) Charlot-Bruzual stellar templates instead of the Bruzual
& Charlot (2003) templates from DR4. Most of the changes in classification can be attributed to
variance within the line measurement errors. These differences are summarized in Table 2.1.
Of note are the significant reduction in the number of LINERs found in the DR7 data, compared
to DR4. This difference is likely attributable to the improved stellar models used in the DR7
classification which reduce the overfitting of regions, such as the Hydrogen Balmer series, where
the emission lines are buried in the stellar absorption features. On the other hand, the number
of Seyferts whose classification changed between DR4 and DR7 was ∼ 12%, which is roughly to
be expected given the typical errors in line flux measurements. Thus, we can likely trust that the
Seyfert classification is fairly robust (given the caveats described above) and is reliably identifying
systems that are powered by strong, hard ionization sources.
2.3 Optical Photometric Selection
To correct for the problems of host galaxy light overwhelming AGN emssion in the near-IR through
near-UV bands described in Section 2.1.2, Dr. Joseph Hyde (then a graduate student at the Uni-
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versity of Pennsylvania) and I attempted to model the host galaxy light profiles of selected AGN.
Hyde had successfully separated the central point sources and host for luminous AGN in elliptical
galaxies (Hyde, 2009), and was able to adapt his code for our less luminous AGN.
This project was complicated by the typical SDSS point source function (PSF) width of ∼ 1.4′′,
and 0′′.396 pixels. This, combined with typical galaxy diameters of ' 20 pixels, meant that even if
there was a point source component to the galaxy, its contribution to the central PSF component
would still be negligible.
2.3.1 Host Light Profile Fitting
To model the host galaxy and AGN system, we use a two-component model. For the galaxy compo-
nent we use either a deVaucouleurs (1948) or Sersic (1968) model, and for the AGN we use a point
source. The Sersic model in one dimension in the absence of a point spread function (PSF) has the
form:
IdeV (r; Ie, Re) = Ie exp
(
−7.67
[(
r
Re
) 1
s
− 1
])
(2.3.1)
where Re is the half-light radius, Ie is the surface brightness at r = Re, and s is the Sersic index.
The deVaucouleurs model is simply the Sersic model with s = 4, while an exponential model has
s=1.
The AGN is modeled as a point source, IAGN (r) = IAδ(r = 0), where δ(r = 0) is a delta function.
Thus the composite model for the host galaxy and AGN is the sum of host galaxy and AGN models,
Icomp. = IdeV + IAGN ,where the host galaxy and AGN have the same center. This one-dimensional
model is made into a two-dimensional models by the transformation:
x′ = (x− x¯) cosφ+ (y − y¯) sinφ
y′ = −(x− x¯) sinφ+ (y − y¯) cosφ
r =
√
x′2 (1− ) + y′2/(1− ) (2.3.2)
where {x, y} are the coordinates on the image, {x¯, y¯} are the center coordinates of the galaxy,
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φ is the position angle (clockwise from the x = 0 axis), and  is the ellipticity, defined as 1 −
b/a for an ellipse with semi-major axis a and semi-minor axis b. With this transformation, the
composite model is a two dimensional image which is a function of the following parameters,
IQSO(x, y; IA, Ie, Re, s, , φ, x¯, y¯).
This model is a continuous function of the coordinates x and y. In order to compare to an image,
the model must be integrated across each individual pixel. Inside the 25 pixel square surrounding
the galaxy center, we numerically integrate each pixel. For the outer pixels, we approximate the
integral by the central surface brightness of the pixel. This integration gives us a model surface
brightness value at each pixel location, IQSO_i, j(IA, Ie, Re, , φ, x¯, y¯).
To compare the models with the data, we must account for the point spread function (PSF) of
the data. The model does this by convolving Icomp. with a PSF. For the host galaxy component
of the model, IdeV , it is adequate to numerically convolve the pixel-integrated model with a PSF
image, since the non-convolved model varies smoothly. However for the AGN model, IAGN , this
procedure would remove the sub-pixel center location information from the model image. Thus it is
necessary to convolve the AGN model with the PSF before numerically integrating across the pixel
locations. This is achieved by interpolating the PSF image to the sub-pixel center location of the
AGN using bicubic spline interpolation.
We use the PSF images which are produced by the postage-stamp pipeline (psp) of Photo (Lupton
et al., 2001; Stoughton et al., 2002, Lupton et al. (unknown publication date)), which are based on a
Karhunen-Loéve expansion of the PSF measured at the location of each galaxy on the image frame.
2.3.2 Model Fitting
The task of model fitting is to choose the best values for {IA, Ie, Re, s, , φ, x¯, y¯}. We use the same
pipeline described in Hyde et al. 2008 to perform this task. The image is background subtracted,
and has contaminating sources masked, in exactly the same manner as described as in that work.
The only differences are the model, and the procedure for handling the PSF for the point source
AGN, which are described in 2.3.1.
We use a combination of quasi-newton descent and simulated annealing (Kirkpatrick et al. 1983)
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to minimize χ2, defined as:
χ2 =
∑
i,j
(
Idata:i,j − Icomp:i,j ∗ PSF
σi,j
)2
(2.3.3)
where Idata:i,j is the surface brightness at each pixel in the data image, Icomp:i,j ∗ PSF is the
surface brightness at each pixel in the model image which numerically convolved with the PSF,
and σi,j is th uncertainty on the data counts at each pixel. For σi,j , we use Poisson statistics,
σ2i,j = Idatai,j , in units of photo-electrons. For masked pixels, σi,j = ∞.The set of the parameters,
{IA, Ie, Re, s, , φ, x¯, y¯}, which minimize χ2 are the best-fit model parameter for each system.
We show an example light profile fit in Figure 2.3.1 for a galaxy with a LINER emission line
classification.
2.3.3 Results of Host Light Profile Fitting
Real galaxy images have non-gaussian noise, contaminating sources, potential background problems,
and possible deviations from deVaucouleurs host galaxy profiles. We test the effects of these com-
plicating factors by taking real SDSS frames with galaxies and adding synthetic AGN point sources
at the galaxy centers. We then run our AGN decomposition method on these real galaxy+synthetic
AGN systems. Although in this case we do not know the galaxies’ exact model parameters, we
can compare our best-fit parameters from the decomposed systems with the parameters which we
obtain from fitting deVaucouleurs-only models to the same real galaxies without added synthetic
AGN. Figure 2.3.2 shows the results of this test. In this case, our errors are much larger. For AGN
magnitudes the errors are ∼0.5 mag, for agn colors, the errors are ∼0.25 mag. The errors are similar
for the host galaxies.
These errors are unfortunately too large to be useful for our low-luminosity sample. Figure 2.3.3
shows the light profile fits to a sample of Seyfert galaxies with ROSAT matches (described in more
detail in Chapter 3). The AGN fraction is less than 10%, for all (less than 5% for most), of the
sources in all but the u band. This is in the realm where the fitting errors are, with errors > 1
magnitude (> 2 magnitudes) in the r band, respectively. Though the AGN light is expected to be
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Figure 2.3.1: Example light profile fit to an SDSS galaxy with a LINER spectral classification.
Shown from left to right are the five SDSS bands. The plots from top to bottom are: the surface
brightness profile with fit (blue points data, black line host galaxy component, dashed line PSF
component), error in the surface brightness profile fit, the SDSS image of the source with nearby
bright sources masked out, the fit image, and the fit residual. The fitted point source contributes
∼ 1.5% of the total galaxy’s light.
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Figure 2.3.2: Fits to simulated AGN added to real SDSS galaxies. Note the very large errors
(> 1 magnitude rms) when the AGN fraction is below 10% of the total galaxy light.
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Figure 2.3.3: 2-d deVaucoulers+AGN point source profile fits to galaxies classified as Seyferts
with ROSAT detections, as described in Parejko et al. (2008). Note that except for the u-band,
the upper limit on the AGN fraction is less than ∼ 10% of the total galaxy light for all sources.
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strongest in the u-band, the u-band has the largest photometric errors, so fits to u are the most
uncertain, and such large AGN fractions are untrustworthy.
2.3.4 Where is the AGN light?
Optically selected type-2 (narrow line) Seyferts have . 5% of the total host light coming from a
central point source. This amount of flux is essentially indistinguishable from the host galaxy in the
SDSS data. Light profile fitting of SDSS galaxies with point sources less than ∼ 10% of the host
light does not work (Figure 2.3.2). Though unfortunate for the goals of this project, this result does
confirm that the SDSS optical spectra are not somehow missing emission from a hidden point source
due to the AGN.
2.4 X-ray Selection
The study of low-luminosity active galaxies is hampered by confusion in their optical spectra due
to emission from star-forming regions. Strong star formation causes ambiguous classifications in
the emisison-line diagnostic diagrams (Baldwin et al., 1981; Kauffmann et al., 2003; Kewley et al.,
2006), resulting in errors in the measurment of AGN properties. The X-ray emission of AGN is more
robust to such problems, but it is challenging to acquire enough X-ray data to produce large enough
samples for statistical study. Though older surveys do cover large areas of the sky, they often have
problems of depth and resolution.
In Chapter 3, we demonstrat a statistical method to identify galaxies from the Sloan Digital Sky
Survey (SDSS) that produce the observed X-ray flux from the ROSAT All-Sky Survey (RASS). We
show that the real X-ray emitting galaxies could be disentangled from merely random superpositions
statistically by including the optical spectroscopic classifications. Using the catalog generated from
this data, we list here a few properties of these X-ray sources,
In Figure 2.4.1 we show the locations of the Transition, LINER and Seyfert galaxies used in this
sample on the relevant emission-line classification diagrams. There are no clear trends in the emission
line ratios: most of the sources lie in the densest parts of the diagram, and are not distingiushable
from non-ROSAT sources.
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Figure 2.4.1: Emisison line classification diagram including the ROSAT-matched sources from
this work. Seyferts are marked in green, LINERs in cyan and transition sources in red.
In Figure 2.4.2 we plot the redshift distribution and LX vs. redshift for our sample. Note that
the passive galaxies have the highest mean redshift, unclassifiable galaxies have a moderately high
mean redshift, and the other classes trace the redshift distribution of the main galaxy sample very
closely. This may be due to the passive galaxy X-ray emission coming from fossil groups or cluster
gas. We have begun a program of Chandra follow-up of these sources, to acquire high resolution
imaging and X-ray spectroscopy to help clarify the nature of these sources. That work is currently
on-going.
We compute the X-ray flux using PIMMS, assuming an intrinsic absorbing column density of
1020cm−2 and a power-law (ν−α) spectral index α = 1. This results in a counts/s to flux multiplier
of 1.418× 10−11erg/s/cm2. We show the flux distributions of the various sources in Figure 2.4.3.
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Figure 2.4.2: Redshift distribution for the galaxies considered in this sample. Passive galaxies
have a noticably larger mean redshift than the other galaxies in the sample.
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Chapter 3: Which Galaxies are Really X-ray sources (RASS/SDSS
matches)
Abstract
The current view of galaxy formation holds that all massive galaxies harbor a massive black hole
at their center, but that these black holes are not always in an actively accreting phase. X-ray
emission is often used to identify accreting sources, but for galaxies that are not harboring quasars
(low-luminosity active galaxies), the X-ray flux may be weak, or obscured by dust. To aid in the
understanding of weakly accreting black holes in the local universe, a large sample of galaxies with
X-ray detections is needed. We cross-match the ROSAT All Sky Survey (RASS) with galaxies from
the Sloan Digital Sky Survey Data Release 4 (SDSS DR4) to create such a sample. Because of
the high SDSS source density and large RASS positional errors, the cross-matched catalog is highly
contaminated by random associations. We investigate the overlap of these surveys and provide a
statistical test of the validity of RASS-SDSS galaxy cross-matches. SDSS quasars provide a test of
our cross-match validation scheme, as they have a very high fraction of true RASS matches. We find
that the number of true matches between the SDSS main galaxy sample and the RASS is highly
dependent on the optical spectral classification of the galaxy; essentially no star-forming galaxies
are detected, while more than 0.6% of narrow-line Seyferts are detected in the RASS. Also, galaxies
with ambiguous optical classification have a surprisingly high RASS detection fraction. This allows
us to further constrain the SEDs of low-luminosity active galaxies. Our technique is quite general,
and can be applied to any cross-matching between surveys with well-understood positional errors.
3.1 Introduction
Distinguishing the processes that contribute to the emission from the centers of galaxies is vital to
understanding the co-evolution of galaxies and their central black holes. Among nearby galaxies, a
large fraction of central emission sources are of ambiguous nature (Ho et al., 1997); emission-lines
in optical spectra of many galaxies seem to reflect a mix of behavior between bona-fide accretion
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(Seyfert-like) and active star formation (H II-like). In order to discriminate between the various
possible ionization mechanisms and penetrate the obscuring dust layers that encircle these sources,
we need observations at multiple wavelengths. In particular, X-rays are less prone to dust absorption
and thus can be used to distinguish between accretion sources and emission from young, hot stars.
This can clarify the observed optical emission spectra and allow us to better describe the central
accretion sources in low-luminosity active galactic nuclei (AGN).
For an accurate census of the local galactic population, one must study a statistically significant
number of sources. The Sloan Digital Sky Survey (SDSS, York et al., 2000) provides the largest
sample of galaxies with spectra which allow emission-line classification of central sources. The
ROSAT All-Sky Survey (RASS, Voges et al., 1999, 2000) is the widest and deepest survey of the
X-ray sky. The SDSS and RASS are well matched in terms of depth, but have quite different
astrometry and spatial resolution. Previous studies matching a variety of SDSS and RASS sources
include analyzing the X-ray properties of spectroscopically confirmed quasars (Anderson et al.,
2003, 2007), generating an X-ray detected galaxy cluster catalog (Popesso et al., 2004), searching
for optically unidentified neutron stars (Agüeros et al., 2006), and surveying the multi-wavelength
properties of SDSS galaxies (Obrić et al., 2006).
Because broad-line quasars are expected to be strong X-ray sources, one would expect a large
number of matches between RASS and SDSS for these objects. Anderson et al. (2003) characterized
the RASS properties of spectroscopically identified broad-line quasars from the SDSS as well as
some narrow-line sources. They qualitatively discuss the likelihood that a given RASS-SDSS match
is a true match and include “normal” (non or weakly emitting) galaxies as a comparison of what
a weak correlation would look like. They study more than 1000 RASS-SDSS quasar/AGN and
briefly discuss a few properties of the sample. Their sample reproduces the expected non-linear
optical/X-ray (2500Å/2keV) relationship among broad-line sources. The follow-up study, Anderson
et al. (2007), examines ∼ 7000 sources with similar results.
A different investigation involves identifying RASS sources with no obvious optical counterpart.
For example, this is useful for finding optically dim neutron stars. Agüeros et al. (2006) identified
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all SDSS sources within 4 times the positional error of each RASS source. They then removed from
their catalog any RASS source with an SDSS match which could have produced the X-ray flux.
After removing objects with NED identifications, visually-identified bad fields, and known galaxy
clusters, 11 RASS sources with no plausible SDSS optical counterpart remained. They claim this
number is consistent with the number of isolated neutron stars expected in the SDSS field. Studying
poorly understood matching samples in this way can clarify whether the sample includes primarily
true matches or primarily false matches.
A recent comparison of RASS and SDSS in a multi-wavelength study (Obrić et al., 2006) identified
267 RASS matches within 30′′ of SDSS DR1 main sample galaxies (Strauss et al., 2002; Abazajian
et al., 2003). They list a false association fraction of ∼ 9% (computed statistically based on the RASS
source density) and also show the positions of their galaxies on an optical emission-line classification
diagram (the BPT diagram: Baldwin et al., 1981). They did not investigate known-bad matches
(as in Agüeros et al. 2006), nor did they elaborate on the positions of the RASS detected galaxies
on their BPT diagram.
The ROSAT All Sky Survey was produced from data acquired in ROSAT’s scanning mode, but
ROSAT also performed many individual targeted observations, resulting in several pointed catalogs.
These catalogs were generated from serendipitous source discoveries made during individual targeted
observations. Because of this, they contain a large number of sources in very small fields scattered
over the sky with highly varying exposure durations, making source upper limits difficult to compute.
Previous studies (e.g. Suchkov et al., 2006) have examined the properties of SDSS quasars found in
these catalogs.
Schulte-Ladbeck et al. (2005) looked at star forming galaxies in the SDSS DR1 and matched
them to several different ROSAT catalogs, including the RASS. Their final results involve 14 star
forming galaxies which they claim to be X-ray sources (four of which were previously studied). We
were not able to determine exactly which catalog they used in their published results. However,
only three of the galaxies listed in their Table 1 (IC 2233, NGC 4030 and NGC 4900) have RASS
counterparts. For these galaxies, which are very nearby and thus large in projected size, the RASS
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error circle encompasses multiple SDSS sources which could also produce the measured X-ray flux,
e.g. bright stars, H II regions and the galactic core. Therefore, it is difficult to discern whether
these galaxies represent X-ray bright star-forming galaxies or not. Some star-forming galaxies are
expected to be X-ray emitters, but whether these galaxies are actually detected in RASS remains
to be seen.
The XMM-Newton and Chandra X-ray satellites both provide much improved pointing, resolu-
tion and depth over ROSAT, but their fields of view are quite small. Both have produced serendip-
itous source catalogs similar to the ROSAT pointed catalogs mentioned above. The initial XMM
serendipitous source catalog was compared with the USNO A2.0 optical catalog (Georgakakis et al.,
2006) to find 46 optically identified non-AGN galaxies with substantial X-ray flux. Hornschemeier
et al. (2005) matched serendipitous source detections in Chandra with SDSS DR2 (Abazajian et al.,
2004) to find 42 X-ray emitting galaxies of a variety of types. The XMM-slew survey (Freyberg et al.,
2006) aims to solve the field of view and uniformity problems by taking data during spacecraft slews
between targets. It will produce an all-sky map of equivalent depth to RASS, with more than six
times better resolution and pointing accuracy, in roughly 6 years.
In this paper, we investigate the accuracy of matching RASS sources with SDSS galaxies. In
Section 6.2 we describe the data sets used in this study, including the systematics of selecting
an appropriate galaxy sample from SDSS. The details of the cross-matching procedure and the
statistical methods are described in Section 3.3 and the final matched data sets, separated by galaxy
spectroscopic class are detailed in Section 3.4. We find that a RASS/SDSS galaxy match cannot be
trusted to represent the galaxy’s true X-ray flux without first identifying the galaxy’s spectral type.
Section 3.5 provides a preliminary analysis of the new XMM-slew catalog and shows its utility in
clarifying the presence of X-ray sources in galaxies.
3.2 Data
3.2.1 SDSS
This study employs data from the Sloan Digital Sky Survey Data Release 4 (SDSS DR4), an optical
imaging and spectroscopic survey with spectroscopic coverage of ∼ 16% of the sky as described in
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York et al. (2000) and Adelman-McCarthy et al. (2006). Technical details of the photometric camera,
telescope, analysis pipeline, monitor and related systems can be found in Gunn et al. (1998), Gunn
et al. (2006), Lupton et al. (2001), Hogg et al. (2001) and Smith et al. (2002), while Pier et al. (2003)
describe the astrometric calibration and Fukugita et al., 1996 describe the u’g’r’i’z’ photometric
system. The SDSS has very good photometric resolution (∼ 1′′.4 PSF) and astrometric precision
(< 0′′.1 rms per coordinate) (Stoughton et al., 2002). The spectroscopic survey is constructed from
tilings of the photometric data (Blanton et al., 2003) and includes the main galaxy sample, quasar
sample and luminous red galaxy sample which are described in Strauss et al. (2002), Richards et al.
(2002), and Eisenstein et al. (2001) respectively. This spectroscopic survey includes uniform, high
quality spectra of more than half a million galaxies and nearly 100,000 quasars, via plates containing
3′′ diameter optical fibers.
3.2.1.1 SDSS Galaxies
Our focus is on the main galaxy spectroscopic sample which includes all galaxies with Petrosian
r magnitudes brighter than 17.77 with the exception of those not observed due to fiber collision.
Because of the size of the fiber-plugs, spectroscopic targets for a single plate must be separated by
at least 55′′. This was more of a problem in DR1 and DR2, before overlapping plates and follow-
up observations filled in many of the missing objects. The complete SDSS spectroscopic catalog
includes more galaxies with spectra than just the main galaxy sample. We restrict ourselves to the
main galaxy sample to avoid sample bias; some SDSS objects were selected for spectroscopy due to
their proximity to FIRST radio sources (Becker et al., 1995) and/or RASS X-ray sources. See the
appendix for details on our SDSS source selection process, and the importance of using the main
galaxy sample in cross-matching studies.
SDSS studies at MPA/JHU produced a catalog1 of secondary source products generated from
the SDSS spectroscopic data (see Brinchmann et al., 2004, for the DR2 catalog paper). This catalog
includes simultaneous measurements of the emission and absorption line profiles. The complete
catalog includes all objects in SDSS (regardless of magnitude) that are spectroscopically identified
1 Data catalogues from SDSS studies at MPA/JHU http://www.mpa-garching.mpg.de/SDSS/
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Figure 3.2.1: Emission-line galaxy classification diagram used to separate H IIs, Transitions,
LINERs and Seyferts. “Unclassified emission” galaxies are those which lie in a different region
in each diagram.
as galaxies; sources with emission-line widths greater than 1000 km/s are not included (thus all
objects identified as Seyferts and LINERs in this paper are type 2 objects). We restrict ourselves to
the intersection of the MPA/JHU catalog and the SDSS DR4 main galaxy sample described above.
3.2.1.2 Spectral Classification of Main Sample Galaxies
We classify galaxies based on their optical emission-line properties. Galaxies showing at least a 2σ
detection of flux in the emission-features Hα, Hβ, [O III], [N II], [S II] and [O I] are classified as
emission-line galaxies, while those that show some but not all of these lines are called “unclassifiable”
galaxies. The strong line emitters are further separated into sources dominated by accretion and
those dominated by light from hot, young stars. We classify H IIs, Seyferts, LINERs and Tran-
sition objects based on their positions in a 4-dimensional space defined by the line-flux ratios [O
III]λ5007/Hβ, [N II]λ6583/Hα, [S II]λλ6716, 6731/Hα, and [O I]λ6300/Hα. We use the classification
criteria from Kewley et al. (2006). Fig. 3.2.1 shows the regions defining each galaxy subclass. We
call those galaxies that do not lie in the same classification region in each diagram, “unclassified
emission” galaxies. Finally, galaxies showing no signs of emission in Hα, Hβ and [O III] are classified
as “Passive” galaxies. More details on this classification scheme can be found in Constantin et al.
(2008).
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Figure 3.2.2: RASS positional errors (rms) in the Faint Source Catalog (FSC) and Bright
Source Catalog (BSC). The numbers after the hash (#) in this, and all subsequent histograms,
give the total number of points included in that histogram.
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3.2.2 ROSAT All Sky Survey
Over the course of its eight year mission, the Röntgensatellit (ROSAT) produced a variety of distinct
source catalogs from its two X-ray detectors, the Position Sensitive Proportional Counter (PSPC)
and High Resolution Imager (HRI). The WGACAT (White et al., 2000) and 2RXP are serendipitous
catalogs from pointed ROSAT observations covering ∼ 15% and ∼ 17% of the sky, respectively. The
High Resolution Imager catalog (1RXH, ROSAT Scientific Team, 2000) covers ∼ 2% of the sky with
much greater precision.
The PSPC scanning-mode data are the primary focus of this study: the RASS Faint Source
Catalog (FSC, Voges et al., 2000) and RASS Bright Source Catalog (BSC, Voges et al., 1999)
together covering 92% of the sky. We restrict ourselves to the RASS because we would eventually
like to compute source upper-limits. The average integration time per target in the RASS varies
between < 100 seconds for sources near the equator to > 5000 seconds for sources near the ecliptic
poles, with > 97% receiving more than 100 seconds.2
The ROSAT PSPC operated between 0.2 and 2.4 keV, with the highest sensitivity and resolution
at roughly 1 keV. The PSPC optics were focused for 1keV X-rays resulting in a 1σ PSF of roughly
25′′ at that energy. The resolution is worse for both higher energy (poor focus) and lower energy
(diffraction limit) X-rays. The scan-mode observations that produced the RASS resulted in an
astrometric positional error (1σ statistical error plus a 6′′ systematic error) of 10− 20′′ (Fig. 3.2.2).
We show in Section 3.3.3 that the 6′′ systematic error is likely overestimated; 3′′ is likely more
correct.
3.2.3 XMM-Newton Slew Survey
The RASS catalog is the current best compromise between width and depth for X-ray data, but it
has limitations, as noted above. To produce an improved catalog, the X-ray Multi Mirror satellite
(XMM-Newton) is collecting X-ray counts during slews between targeted observations. The first
release of the XMM-Newton Slew Survey (XMM-slew, Freyberg et al., 2005) covers 6240 square
degrees of sky, in narrow north-south slews, using the EPIC-pn CCD because of its large detector
2RASS exposure map and ancillary data http://www.xray.mpe.mpg.de/rosat/survey/rass-bsc/sup/
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area, fast read-out rate and high sensitivity to hard X-rays. Although average exposure time is only
∼ 10s for any given source, the large mirror area and sensitive detector make it nearly as deep as the
RASS in the soft band (0.2-2keV), and deeper and wider than any previous survey in the hard band
(2-12keV). The quoted 8′′ positional error along the slew direction is dominated by the accuracy of
the attitude reconstruction. The EPIC-pn resolution of 4′′ is roughly a factor of 6 better than the
RASS resolution, thus XMM-slew can resolve many of the confused RASS sources.
Two XMM-slew catalogs were released, a “total” catalog containing all detected sources, and a
“clean” catalog with known bad sources removed and a higher detection threshold. We examine the
clean sample in this study; it contains 2713 sources with detections in at least one band.
3.3 Cross-matching
Cross-matching two surveys is simple enough: count all objects separated by less than some threshold
distance (in our case, 60′′) as possible matches. But the validity of such a match depends on the
differing sky coverage, sensitivity, positional accuracy and spatial resolution of the two matched
surveys. These differences lead to matches due to purely random associations, multiple cross-matches
for single sources, and erroneous flux measurements due to contributions from multiple sources. For
example, the ROSAT PSPC is more than an order of magnitude worse than the SDSS in both
resolution and astrometry, and the SDSS source density is much higher. Understanding the RASS-
SDSS galaxy sample is particularly difficult for sources that are not necessarily expected to be
strong X-ray emitters, such as spectroscopically identified low-luminosity narrow-line AGN, passive
or starburst galaxies. In this section, we attempt to quantify the true and random components of
RASS-SDSS cross-matches.
Fig. 3.3.1 illustrates an example of the issues faced in matching RASS and SDSS. Here a RASS
source overlaps two spectroscopically identified SDSS galaxies and is not centered on either of them.
One of the galaxies hosts a quasar and thus is the likely source of the X-ray flux, while the other is
identified as a star-forming galaxy (H II-type optical spectrum) and thus is expected to contribute
little to the X-ray flux. If the quasar were unidentified—because it had no spectrum taken—the
star-forming galaxy could have been considered the X-ray source. Another problem is that the center
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Figure 3.3.1: An example of RASS source confusion (north is up). SDSS g-band is shown in
green (spectroscopic classifications are labeled), RASS pixels in blue (white X marks the source
center) and FIRST sources in red (both quasars are FIRST sources). Notice that the RASS
source covers two SDSS spectroscopic galaxies but is centered on neither. There are many other
cases where there is no obvious source for the X-ray emission besides a single SDSS galaxy,
because of lack of SDSS spectroscopic information about all sources in the field. The resolved
quasar is SDSS J101643.87+421027.5 for reference.
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Figure 3.3.2: Source-separation histogram for SDSS sources that are expected to have a
RASS identification. “Quasar” includes spectroscopically identified quasars, “blue” includes
point sources with u − g < 0.6, “blue2” is a subset of “blue” restricted to 15.5 < u < 21 and
“random” is a random match between SDSS galaxies and RASS (see Section 3.3.2). The lower
plot shows the “blue” sample, with the magnitude cuts included. Note the vastly different tails
for the three quasar-like samples, implying a significantly different contamination fraction in
each.
of the X-ray source does not coincide with any of the optical sources. This could be simply due
to the astrometric errors in the RASS catalog (Fig. 3.2.2), or to contributions to the total X-ray
emission from the other quasar at the top of the image. This example is not singular: there are
many such confusing matches in the RASS-SDSS galaxy sample because of the high SDSS source
density. Also, this RASS source is relatively bright, and thus has better centroiding (positional error
given as 8′′) than most RASS sources and was particularly easy to catch.
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3.3.1 Obvious X-ray emitters
When an SDSS object is the actual source of the RASS X-rays (a true match), the distance between
the X-ray and optical source positions should be small. Some obvious choices for true matches are
quasars and quasar candidates. To qualitatively assess whether these “obvious” choices are correct,
we plot the distribution of distances between the center of the RASS and SDSS sources—the source-
separation histogram—for these particular systems in Fig. 3.3.2. The upper panel includes the
following RASS-matched SDSS sources: spectroscopically identified quasars, sources with u−g < 0.6
(quasar candidates), a subset of the quasar candidates restricted to 15.5 < u < 21 and “random
match” between galaxies and the RASS, as described in the following section. The lower panel shows
the u-magnitude vs. source-separation distribution for blue sources. Note the clustering of points
at small source-separations for 15.5 < u < 21, suggesting that these are true RASS-SDSS matches.
From the upper panel, spectroscopically identified quasars show an obvious peak at small source-
separations. “Blue” objects (all SDSS sources with u − g < 0.6), which include some objects in
the “quasar” sample, have a peak at small separations as well as a prominent tail. The “blue2”
sample (subset of “blue” with 15.5 < u < 21) has a much smaller tail, suggesting a smaller fraction
of incorrect matches. Out of these samples, spectroscopically identified quasars appear to represent
the most reliable RASS-SDSS cross-match, with the fewest points with large separations.
Another possibility for “obvious” x-ray sources would be bright stars, such as those from the
Tycho star catalog. Fig. 7 of Voges et al. (1999) plots the source separation of RASS and Tycho
sources, but the text does not describe the shape of the distribution, beyond mentioning “chance
coincidences” beyond 40′′. Guillout et al. (1999) also plot the RASS/Tycho source separation for
matches out to 150′′, with an estimate of the random component. They also give a “best fit of a
log normal to the distribution of the expected physical matches,” but no total model distribution.
No rationale for the choice of a log-normal is given, nor do they provide a goodness of fit value. As
bright stars can produce a strong off-axis component in the PSPC (possibly producing large source
separations), we will not use them in our analysis.
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3.3.2 Purely random matches
Incorrect cross-matches between catalogs are due to random associations between optical and X-ray
sources. Previous work estimated the random contamination by comparing the source density of
the two catalogs, which works well for samples with a small random contamination fraction. We
model these incorrect matches by generating “offset” SDSS object catalogs and matching them to
the RASS. We produced 10 such offset catalogs each from the SDSS galaxy and quasar catalogs
by offsetting all objects (either galaxies or quasars, respectively) from their true RA and Dec by
a fixed amount in a fixed direction, with a different offset and direction for each offset catalog to
reduce systematic effects. The maximum offset was 1◦ in RA and Dec. This procedure preserves
the on-sky source distribution of the SDSS, while moving sources far away from their original RASS
associations. When these catalogs are matched to the RASS, the result is a linearly increasing
source-separation histogram, dNdr ∝ r; as the radius increases, more sources fall within the matching
circle. We compare these random catalogs with our galaxy or quasar RASS matches to determine
the fractional contamination by purely random associations.
3.3.3 Confirming Quasars
X-ray source positional measurements have independent, normally distributed errors in both planar
components. This is analogous to darts thrown at a small target. The precision of each throw is
known, but individual throws may have different precisions. The distribution of dart-target distances
is given by a Rayleigh distribution having a probability density function (PDF),
P (r) ∝ re
−r2/2σ2
σ2
with scale parameter σ and separation distance r. In the case of X-ray measurements, the positional
precision, σ is affected by the X-ray flux (reliability of centroiding depends on the number of X-rays)
and the pointing accuracy and resolution of the measuring apparatus. The precision of each RASS
source measurement is listed in the catalog as the positional error (Fig. 3.2.2).
We reproduce the source-separation histogram for RASS-SDSS quasar matches by simulating
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Figure 3.3.3: Simulated quasar source-separation histogram for cross-matching between RASS
and SDSS quasars. Note the differing tails: the real distribution does not fall off as quickly, as
there is a small fraction of random matches at large radii. The thin upper curve gives the true
matching fraction at that radius (percent, right axis).
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X-ray source measurements using the corresponding RASS positional errors plus a small random
component. Because the RASS positional errors are dependent on the X-ray flux, we use the
positional errors from the RASS-SDSS quasar matched catalog. For each such RASS source, we
generate a Rayleigh distribution with the positional error of that source as the scale parameter
σ. The sum of the probability distribution function from each source gives our “simulated true
match” curve. This PDF is the parent distribution for the true matches between RASS and SDSS
quasars. Random associations between RASS and SDSS quasars have a linearly increasing source-
separation histogram, as shown above. A linear combination of these two distributions (simulation
PDF and random straight-line) should reproduce the observed RASS-SDSS quasar source-separation
histogram.
We show the quasar source-separation histogram, simulated true match curve, and random com-
ponent in Fig. 3.3.3. The simulation curve, which does not include the random component, matches
the actual quasar source-separation histogram very well except at the tail end. Combining the sim-
ulation and random components via a χ2-minimization on the amplitude of each component yields
an excellent fit. The total fit is not shown in Fig. 3.3.3 because it would be completely masked by
the data. This fit has a χ2 per degree of freedom of 0.68, indicating that the above model is a good
choice. However, the distributions match only if the RASS positional errors are all reduced by 3′′,
implying that the quoted 6′′ systematic offset was overestimated.
The thin upper curve in Fig. 3.3.3 gives the “true matching fraction” for RASS-SDSS quasar
matches (percent, right axis). This is the number of true matches (simulation curve) divided by
the total fit (simulation+random) at that radius. Note that at 30′′, about 90% of the RASS-SDSS
quasars matches are legimate. We also find that at 60′′ there is ∼ 6% total contamination to the
RASS-SDSS quasar catalog. This agrees with the estimate from Anderson et al. (2007) of ∼ 5%
contamination for their sample.
3.3.4 Galaxies
Matching SDSS main sample galaxies to the RASS results in 3169 total matches. In contrast to
quasars, the RASS-SDSS galaxy source-separation histogram rises quickly, but is then relatively flat
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Figure 3.3.4: Reconstructed ROSAT/SDSS galaxy source-separation with∼ 36% true matches
+ ∼ 64% random matches out to 60′′. The thin curve from the upper left to the lower right,
cutting through the histogram, is the true matching fraction (percent, right axis). There is very
good agreement between the total simulation curve and the actual distribution.
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Table 3.1: χ2 per degree of freedom
all passive unclassifiable emission unc. emission H II transition LINER Seyfert
χ2 1.01 1.24 1.14 0.47 0.87 1.53 1.47 0.47 1.00
out to 60′′, as seen in Fig. 3.3.4. This suggests that while some galaxies are detected as X-ray
sources, a large fraction are simply random associations. We model the RASS-SDSS galaxy source-
separation histogram following the procedure outlined for quasars above. In this case, the positional
errors are those of the RASS-SDSS galaxy matched catalog. Fig. 3.3.4 compares this model with
the actual histogram. Note that the simulated true match distribution is somewhat wider than the
equivalent quasar curve, as RASS sources associated with galaxies have a lower mean flux and thus
have larger positional errors. The χ2 per degree of freedom of the total fit (simulated+random) is
1.18 for galaxies.
To reduce the effect of source confusion in our RASS-SDSS galaxy sample, we remove from our
matched galaxy catalog RASS sources that are also positionally matched with likely X-ray emitters.
Our method is similar to that employed by Agüeros et al. (2006) who removed RASS sources that
overlapped with spectroscopically identified quasars, blue point sources (potential quasars), bright
objects (ROSAT contaminant) and sources with a quasar-like X-ray/optical spectral slope. Our
requirements are more relaxed, as our aim is not to eliminate all obvious x-ray sources, but rather
to identify X-ray counterparts of galaxies. Thus, we only remove RASS sources from our matched
galaxy catalog that are close to the most reliable RASS cross-matches: within 40′′ of an SDSS quasar
or within 30′′ of an object in the “blue2” list described above. Also, if two SDSS galaxies match
to one RASS source, we take only the nearest match. This reduces the sample to 1876 galaxies,
with many obviously incorrect matches removed, such as the “match” shown in Fig. 3.3.1. This
“cleaned” catalog improves the χ2 of the simulation+random fit to 0.96 and is the catalog employed
in the analysis that follows.
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Figure 3.4.1: ROSAT/SDSS galaxy source separation by galaxy sub-type. Each sub-plot
follows the structure of the individual quasar and galaxy plots shown previously. The original
matched distribution (black, thick with 1σ Poisson errors), simulation (blue, short-dash) and
random (purple, dot) distributions produce the total simulated distribution (green, long-dash).
The thin solid curve (red, right axis) gives the “true matching fraction” described in Section
3.3.3.
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Table 3.2: X-ray detection fractions (percent)
quasar all passive unclassifiable emission unc. emission H II transition LINER Seyfert
8.3 .12 .41 .11 .11 .28 .004 .19 .41 .66
3.4 RASS Detections by Galaxy Spectroscopic Class
One would expect galaxies with different optical spectroscopic classes to produce different X-ray
fluxes and thus to have different matching fractions. Obrić et al. (2006) list the RASS matching
fractions for SDSS galaxies showing no emission as well as AGN, star-forming and unknown emission-
line galaxies. They also plot their RASS matches on an emission-line classification diagram analogous
to the left-most plot in Fig. 3.2.1. However, they do not discuss random matches, nor do they remove
known invalid matches (e.g. quasars). Thus, their sample includes many SDSS galaxies which are
unlikely to be true matches to RASS sources. To investigate the connection between RASS detection
likelihood and optical spectroscopic class, we separate the cleaned RASS-SDSS galaxy catalog into
subclasses as described in section 3.2.1.2. For each of these subclasses, we simulate the source-
separation histogram via their corresponding RASS positional errors and linear random components
as before, and list the χ2 of the fits in Table 3.1.
Fig. 3.4.1 compares the actual and simulated distributions for the different galaxy classes. The
left plot shows the four different types of classified emission-line galaxies, while the right plot shows
the unclassified and passive galaxies. The thin red curves show the true matching fraction at a
given radius. Note the high true matching fraction for galaxies with potentially significant optical
emission from a central accretion source: the Seyfert, LINER and transition objects. Also note the
relatively high true matching fraction for unclassified emission and passive galaxies. Galaxies with
their optical emission dominated by star formation have a very small true matching fraction; though
there are a large number of RASS-SDSS matches for H II and unclassifiable galaxies, most of those
matches are purely random associations.
We list the detection fractions for the various spectral classes in Table 3.2, including quasars for
comparison. This detection fraction is the integrated simulation curve divided by the total number
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Table 3.3: Source-separation distance at fixed true matching fraction
fraction quasar all passive unclassifiable emission unc. emission H II transition LINER Seyfert
85% 33 6 14 · · · 11 21 · · · 16 17 23
70% 40 15 24 13 25 29 · · · 24 25 30
50% 47 23 32 21 32 37 · · · 32 32 38
of galaxies in that class. Note the relatively high detection fraction for galaxies with AGN-dominated
optical emission, including the tansition objects. The large X-ray detection fraction for unclassified
emission sources (defined in Section 3.2.1.2) suggests that many of these objects harbor obscured
accretion.
The number of passive galaxy, unclassifiable galaxy, and LINER matches to RASS are slightly
under-predicted by the model at moderate radii (20 − 40′′). Visual inspection of these galaxies
confirms that some of them are in or near clusters, which would produce an X-ray source near to,
but not coincident with, the galaxy. We do not have a cluster catalog to remove these “contaminants”
but a visual tally shows that between half and two-thirds of the RASS-matched passive galaxies may
be contaminated by the presence of a galaxy cluster. However, some of these galaxies appear to be
field galaxies, and thus we may be finding X-ray bright, Optically Normal Galaxies (XBONGs, see
Georgantopoulos & Georgakakis, 2005). We plan to examine these objects in more detail in future
work.
We list the RASS-SDSS source-separation radii at various fixed matching fractions in Table 3.3
for all the objects discussed in this paper. Notice that at no radius do H II galaxies show even a
50% true matching fraction. The true matching fraction for star forming galaxies is extremely low
because such galaxies do not produce X-rays at a level detectable by the RASS and/or because the
X-rays they produce are completely obscured by dust. Because nearly all RASS-SDSS star-forming
galaxy matches are due to random associations, no claims can be made about X-ray emitting star-
forming galaxies from these data alone. The XMM-Slew survey, XMM-Newton serendipitous source
catalog and the Swift BAT catalog all observe at higher X-ray energies (less attenuated by dust),
and so could help clarify the X-ray emission properties of these galaxies.
For comparison with previous studies, we give the cumulative true matching fraction at fixed
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Table 3.4: Cumulative true matching fraction at fixed radius
radius quasar all passive unclassifiable emission unc. emission H II transition LINER Seyfert
40′′ 96.9 53 71 48 64 84 7 75 77 88
30′′ 98.1 64 79 59 74 89 10 83 85 92
20′′ 99.0 75 86 70 83 94 16 89 91 95
Table 3.5: Catalog stub for the Supplementary Online Catalog
SDSS_name SDSS_SpecObjID RASS_name RASS_delta RASS_posErr match_likelihood galaxy_class
SDSS J134156.14+032052.7 149123710048010240 1RXS J134152.5+032028 59.751 23.0 0.0745 transition
SDSS J122528.17+634851.7 169109687071932416 1RXSJ122525.9+634949 59.669 28.0 0.0749 transition
radii in Table 3.4. These values are computed from the ratio of the integrals of the simulated and
total curves in Fig. 3.4.1, in contrast with the previous table, derived from the point-wise ratios.
Again, note that H II galaxies have a very small cumulative true-match fraction, even at small radii.
All other matched sub-samples, except for the unclassifiable galaxies, contain more than 85% true
RASS matches below 20′′.
Finally, we have included a supplementary online catalog, containing the sources examined in
this study, with their RASS matching likelihoods. A catalog stub, explaining the columns is given in
Table 3.5. The objects in the catalog are grouped by spectroscopic class, and ordered by increasing
match likelihood within each class. This catalog may be used for follow-up studies, or for comparison
with other catalogs matched to SDSS.
3.5 Future directions: XMM-slew
For comparison with RASS, we have matched the XMM-slew clean catalog (first release) to both
SDSS galaxies and quasars. Fig. 3.5.1 plots the source-separation histogram for these sources. The
total number of matches is quite small, due to the small number of XMM-slew sources and the
small overlap area between the surveys. Because of the nature of the XMM-slew survey, we cannot
perform the same analysis as above; the narrow width of the slew strips is too small for a reliable
random fraction to be determined, yet. From the source-separation histogram, 20′′ appears to be
a reliable cut-off for true matches. Accepting only those matches within this radius results in 38
galaxy matches and 115 quasar matches to XMM-slew.
Chapter 3: Which Galaxies are Really X-ray sources (RASS/SDSS matches)
54
 0
 5
 10
 15
 20
 25
 30
 0  10  20  30  40  50  60
N
u m
b e
r
Source Separation (arcsec)
Quasars # 128
Galaxies # 77
Figure 3.5.1: XMM-slew vs. SDSS cross matches for galaxies and quasars. The ∼ 8′′ XMM-
slew positional errors are readily visible in the quasar matches.
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Figure 3.5.2: An interacting galaxy pair not detected in soft X-rays. The central-source
optical classifications are marked. The SDSS optically-classified transition galaxy is found in
the XMM-slew survey at only hard (2-12keV) energies. The stripe on the left of the GALEX
image is due to detector edge effects. The pair is UGC 08327.
A coverage map for the XMM-slew data is not yet available, so it is not possible to determine
the percentage of ROSAT detections that are non-detections in XMM-slew. However, among the 38
“reliable” matches are member(s) of each galaxy class described above. Most of these XMM-slew
detections are in the soft band (0.2−2 keV), but there are a few galaxies with a detected hard X-ray
flux. An example is shown in Fig. 3.5.2: an interacting pair of galaxies optically classified as a
Transition and a Seyfert. The Transition galaxy shows a hard X-ray flux and substantial radio point
source, while the Seyfert is unidentified in hard and soft X-rays and shows a ∼ 2σ detection in the
FIRST catalog. There is no RASS source at this location. We plan to followup on this intriguing
pair to better understand their emission properties and spectral shape.
3.6 Conclusions
We have examined the matching statistics between the ROSAT All Sky Survey and the SDSS
main galaxy sample. Our technique—simulating the RASS-SDSS source-separation via the RASS
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positional errors plus a linear random component—can reproduce the measured source-separations
for RASS-SDSS quasar matches as well as RASS-SDSS galaxies and subclassifications of galaxies.
We find that the likelihood of a given cross-match match being a true match depends strongly on
the optical spectral classification of a given galaxy. We find that essentially no optically classified
star-forming galaxy has a true RASS counterpart, while LINERs, Seyfert 2s and Transition and
unclassified emission galaxies do have reliable X-ray detections. We also find a surprising number
of galaxies lacking optical emission lines which appear to be detected in the RASS. A complete,
low-redshift SDSS galaxy cluster catalog could be used to clarify these XBONG candidates.
Our technique can be applied to any cross-matching between two surveys. The only require-
ment is that the positional errors of each measurement be known; no arbitrary fitting parameters
are needed. By comparing the observed source-separation histogram with a linear combination of
the probability distribution functions computed from the positional errors and a random matched
catalog, a “true matching fraction” can be determined for any two matched catalogs. This is not
limited to X-rays: as a test, we were also able to reproduce the source-separation histogram for a
matched catalog of SDSS spectroscopic stars and GALEX UV sources. The technique works best
for catalogs containing mostly point sources, as centroiding extended sources can be difficult and
the centers of sources may be wavelength-dependent.
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3.7 SDSS galaxy selection
The main galaxy sample does not contain all the galaxies with spectra: a galaxy could also have a
spectrum taken if it is within 2′′ of a FIRST radio source or within the error-circle (10 − 30′′) of a
RASS source. Luminous red galaxies are selected for follow-up spectra based on their position in the
(g-r, r-i, i) color-color-magnitude cube. Spectra are also taken for a variety of serendipitous sources
including low surface-brightness galaxies. These other sources are all dimmer than 17.77 in the
r-band, and biased toward AGN and star-forming galaxies. The systematics of these serendipitous
sources are poorly understood.
The primary method for downloading large data sets from SDSS is CasJobs3. To extract the
main galaxy sample from SDSS CasJobs, use the SpecObj parameter ObjType and select those
objects classified as “Galaxy”. This includes all objects that were targeted for spectroscopy because
they met the main galaxy sample criterion. This classification is before the spectra were taken, and
is thus a uniform sample. A more naïve selection might be to take all objects spectroscopically
classified as galaxies: those with SpecObj parameter SpecClass listed as “Galaxy”. However, this
sample includes all objects with a galaxy-like spectrum, which includes objects targeted for the above
reasons in addition to the main galaxy sample.
3SDSS CasJobs website http://casjobs.sdss.org/CasJobs/
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Figure 3.7.1: SDSS Galaxies with RASS matches within 1arcmin. Note the sharp drop at
30′′ within the sample of objects spectroscopically classified as galaxies compared to the main
galaxy sample (all galaxies with rpetro < 17.77). Some galaxies which are not in the main
sample were targeted specifically because they were within 30′′ of a RASS source.
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In Fig. 3.7.1 we show the source-separation histogram for these two different samples. The
“photometric” sample is the main galaxy sample used in this study. The spectroscopic sam-
ple, with a peak at 30′′, includes objects specifically targeted because they were near a RASS
source. The fiber-selection process allocates spare spectroscopic fibers to sources within 30′′ of
a RASS source. These objects, having SpecObj parameter ObjType classifications “ROSAT_A”,
“ROSAT_B”, “ROSAT_C” or “ROSAT_D” account for roughly 2% of all objects with spectra in
SDSS. Stoughton et al. (2002) claim over half of these ROSAT-based targets turn out to be quasars
or AGN. This results in a factor of two increase in potential matches at matching radii below 30′′.
This is why a statistical analysis of RASS matches to SDSS must stick to the main galaxy sample;
the other sources were selected non-uniformly, and though they may result in odd and interesting
spectra, they produce a strong bias in X-ray matching properties.
Chapter 3: Which Galaxies are Really X-ray sources (RASS/SDSS matches)
60
Part III
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Chapter 4: Interacting Galaxies in Voids
Abstract
Galaxies in the most underdense regions of the universe, the voids, have different evolutionary
histories than those in more dense regions. In particular, the frequency of interactions and their
histories (major and minor mergers) are strongly affected by this low density environment. A
galaxy’s merger history determines the growth rate of its central black hole, which is estimated from
the nuclear emission-line properties. We observed potentially interacting void galaxies identified
from the Sloan Digital Sky Survey Data Release 4 (SDSS DR4) with Goldcam on the 2.1m at Kitt
Peak National Observatory to look for merger-induced star-formation and active galactic nucleus
(AGN) activity. The results will help determine the effects of environment on galaxy evolution and
the relationship between AGN activity, environment and interactions.
4.1 Introduction
Cosmic “voids” make up half of the Universe. As little as 10% of the ”mass” in the Universe is
spread out over 50% of the volume (Pan et al., in prep). These underdense regions, termed voids,
provide a very different environment for the development and evolution of galaxies. The photometric
and spectroscopic properties of void galaxies differ from typical galaxies found in clusters or in the
field (Rojas et al., 2004, 2005; Constantin et al., 2008), with galaxies in voids tending to be bluer
and diskier than galaxies outside of voids. Voids are an important laboratory for studying galaxy
formation and evolution.
Galaxies in these underdense regions will undergo few major mergers during their evolution,
due to the lack of companions to interact with (Fakhouri & Ma, 2009, 2010). The recent history
of these galaxies is likely free of other mergers, and thus interacting void galaxies could represent
objects with a relatively “pristine” history. Studying interacting void galaxies can probe the relative
importance of secular accretion versus mergers on star formation and black hole growth. Because
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of the rarity of merging systems in voids, a large photometric and spectroscopic galaxy catalog is
necessary to produce a robust sample. The Sloan Digital Sky Survey(SDSS - Adelman-McCarthy
et al., 2006) provides multi-color photometry and a large catalog of redshifts to identify voids and
study the properties of galaxies in these voids.
Galaxies both in and out of voids show higher star formation rates when they have a close
companion (Grogin & Geller, 2000; Barton et al., 2000; Freedman Woods et al., 2010). However,
galaxies in voids with near companions show higher star formation rates than galaxy pairs in higher
density regions (Grogin & Geller, 2000). This suggests that, compared with high density regions,
there is more cold gas present in voids to drive star formation in the present Universe. If this gas
is disturbed to form stars, it could also be driven to the galaxies’ central black holes to drive active
galactic nucleus (AGN) activity, as is seen at higher redshifts.
Constantin et al. (2008) investigated the properties of active galaxies in voids from the SDSS
DR2 sample. Using an emission-line diagnostic diagram (Kewley et al., 2006), they classified narrow
emission-line galaxies as Seyfert, LINER, HII (star-forming) and Transition (mixed HII/AGN). They
found that all types of active galaxies occur in voids, with a higher prevalence of AGN in fainter
hosts (Mr . −20) than in their wall galaxy equivalent. This agrees with the results of Hoyle &
Vogeley (2004) who found that the mean M∗r of void galaxies is dimmer than that of wall galaxies.
Constantin et al. (2008) also find that the type of emission-line activity is correlated with the small-
scale environment, as measured by a nearest-neighbor statistic.
The Galaxy Zoo merger project identified 3003 merging pairs (Darg et al., 2010b) through visual
inspection of SDSS galaxies by thousands of citizen scientists. They found that 4 − 6% of galaxies
in their volume-limited catalog (0.005 < z < 0.1 and Mr < −20.55) are “strongly disturbed,”
while 1 − 3% of the galaxies are involved in major mergers. They also observed more spirals than
ellipticals in merging systems, by roughly a factor of 2, and concluded that this was most likely due
to the different detectability timescales of merging spirals versus merging ellipticals. In a companion
paper (Darg et al., 2010a), they explored the environment, color, magnitude, stellar mass, and
AGN fraction of these merging systems. They found that star formation was significantly enhanced
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in spiral mergers but unaffected in elliptical mergers. The presense of an AGN was apparently
unaffected by the presence of a merger, either due to obscuration or to a large delay in the visibility
timescale between the merger and the AGN.
We use the SDSS DR4 to find voids and identify potentially interacting systems in these voids.
The volume of the SDSS redshift catalog allows the identification of a large number of voids. This
large sample, coupled with the high quality SDSS photometry, provides the best sample to study
interacting galaxies in voids. However, due to SDSS spectroscopic survey limitations, namely fiber
collision, fiber allocation and magnitude limits, not every galaxy in a potentially interacting system
had its spectrum taken. We augmented SDSS observations of void galaxies by taking spectra of
potentially interacting companions that do not have SDSS spectra, using the Goldcam spectrograph
on the 2.1m telescope at Kitt Peak National Observatory (KPNO).
In this paper, Section 4.2 describes the data from SDSS, our selection method for the goldcam
observations and the observing parameters, Section 4.3 describes the results of our individual spec-
troscopy and connects our observations with the SDSS spectroscopy, and we present our conclusions
in Section 5.7.
4.2 Data and Observations
The Sloan Digital Sky Survey (SDSS) provides a comprehensive view of half a million galaxies in
the local Universe. The SDSS Data Release 4 (DR4 - Adelman-McCarthy et al., 2006), from which
we derive our sample, contains 567,486 galaxy spectra. Technical details of the photometric camera,
telescope, analysis pipeline, monitor and related systems of SDSS can be found in Gunn et al.
(1998), Gunn et al. (2006), Lupton et al. (2001), Hogg et al. (2001) and Smith et al. (2002), while
Pier et al. (2003) describe the astrometric calibration and Fukugita et al., 1996 describe the u’g’r’i’z’
photometric system. The spectroscopic survey (Blanton et al., 2003) includes uniform, high quality
spectra of more than half a million galaxies, via plates containing 3′′ diameter optical fibers.
Our data set starts with the SDSS DR4 (York et al., 2000; Adelman-McCarthy et al., 2006)
main galaxy sample (Strauss et al., 2002). This is supplemented by an improved spectral reduction
and redshift identification from Blanton et al. (2005), and combined with data from other surveys
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to produce the Choi et al. (2009) Large Scale Structure catalog. From this catalog, we select a
volume-limited sample of 120,606 galaxies, using with an absolute-magnitude limit of Mr < −20.09
and a corresponding redshift limit of z < 0.107 (see Figure 4.2.1)
Our focus is on the main galaxy spectroscopic sample, including all galaxies with Petrosian r
magnitudes brighter than 17.6 with the exception of those not observed due to fiber collision. Because
of the size of the fiber-plugs, spectroscopic targets for a single plate must be separated by at least 55′′.
This was more of a problem in DR1 and DR2, before overlapping plates and follow-up observations
filled in many of the missing objects. Missing spectra due to fiber collision affects about 5 − 6%
of our sample (Blanton et al., 2005). The Choi et al. (2009) spectroscopic catalog includes more
galaxies with spectra than just the main galaxy sample, including serendipitous targets, ROSAT
X-ray sources, low surface brightness galaxies and Large Red Galaxies.
SDSS studies at MPA/JHU produced a catalog1 of secondary source products generated from
the SDSS spectroscopic data (see Brinchmann et al., 2004, for the DR2 catalog paper), which allow
detailed spectroscopic classification of sources. This catalog includes simultaneous measurements of
the emission and absorption line profiles. The complete catalog includes all objects from the SDSS
(regardless of magnitude) that are spectroscopically identified as galaxies; sources with emission-line
widths greater than 1000 km/s are not included (thus all objects identified as Seyferts and LINERs
in this paper are type 2 objects). We restrict ourselves to the intersection of the MPA/JHU catalog
and the SDSS DR4 main galaxy sample described above.
4.2.1 Void Finder
VoidFinder is a galaxy based void finding algorithm that uses redshift data to find statistically
significant cosmic voids. VoidFinder (Hoyle & Vogeley, 2002) is based on the method of El-Ad &
Piran (1997) and uses a nearest neighbor algorithm on a volume limited galaxy catalog. We use a
volume limited absolute magnitude cut of −20.09 (see Figure 4.2.1), roughly L∗. In the SDSS DR4
main galaxy sample this corresponds to a maximum redshift of z = 0.10713. The distance parameter
d for potential void galaxies is based on the third nearest neighbor distance (d3):
1 Data catalogues from SDSS studies at MPA/JHU http://www.mpa-garching.mpg.de/SDSS/
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Figure 4.2.1: Magnitude and redshift cuts to produce our volume-limited sample, from which
the voids were defined. Gray points are a representative sample of the DR4 main galaxy
survey, the solid blue curves denote the SDSS bright (r = 14.5) and faint (r = 17.6) magnitude
limits, while the dotted red lines denote the absolute magnitude (Mr < −20.09) and redshift
(z < 0.1.0713) limits.
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d = d3 + 1.5 ∗ σd3
This comes to approximately 6.3 h−1Mpc, and δd = −0.88, which implies that the mean density
contrast is ρ/ρ¯ = 0.12. The expected density at the walls of voids are ρ/ρ¯ = 0.2, and 0.1 at the
centers of voids. Our choice for d allows us to probe the void regions conservatively and guarantee
that the void galaxies that we find are truly living in very underdense regions of the Universe.
The VoidFinder algorithm works as follows. All galaxies in the volume limited catalog are
considered and their third nearest neighbor distance calculated. If the third nearest neighbor distance
is greater than the distance parameter, it is considered a potential void galaxy. All potential void
galaxies are removed from the sample and we are left with a list of field galaxies. We then iterate
through space and grow empty spheres in our holed out catalog. The next step is to merge the
spherical holes into distinct void regions. We consider two holes to be relevant to the same void
region if their volumes overlap by more than 50%. We consider only holes with radii greater than
10h−1Mpc statistically significant. This was calculated based on the number of voids found in the
Universe that were completely empty in the volume limited catalog. If we consider smaller hole sizes,
we will then begin identifying volumes within bound objects that appear empty. The final step in
making the catalog is by reintroducing the potential void galaxies back into the galaxy sample. Any
galaxies falling in a void region is considered a void galaxy. More details on this method can be
found in Hoyle & Vogeley (2002)
Applying this method to our SDSS DR4 volume-limited catalog results in 3348 void galaxies
found in 526 voids, which have an average effective radius of 17.4 h−1Mpc.
4.2.2 Identifying interactions
Interacting systems were identified by a combination of computer and human-based searches. We
first identified all volume-limited void galaxies in the volume-limited catalog with a photometrically-
identified SDSS galaxy having petroRad_r > 5′′ and photoMag_r < 18.5, within 150 kpc projected
distance. These systems were then visually inspected for signs of interaction. We show our list
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Table 4.1: Interacting void systems
redshift ObjID (1st) SDSS Name (1st) ObjID (2nd) SDSS Name (2nd) flags
0.072 587725551732129928 J075916.54+453846.1 587725551732129926 J075917.65+453841.5
0.057 587725817480937596 J100239.69+631531.5 587725817480937597 J100242.56+631543.7
0.038 587725817483100198 J104347.99+652957.0 587725817483100199 J104344.49+653019.2
0.050 587726032776265859 J103631.87+022144.0 · · · · · ·
0.043 587726033325785272 J123215.92+025958.5 587726033325850822 J123238.05+030104.9
0.071 587726100411056249 J142638.76+033017.9 587726100411056239 J142639.87+033107.7
0.038 587728931875979296 J082152.74+415144.9 587728931875979298 J082150.25+415234.6
0.071 587728932421632063 J095416.19+550959.8 587728932421632170 J095423.15+550946.5
0.039 587729387143692322 J094715.81+534926.1 587729387143692323 J094717.78+534919.2
0.045 587729776370581627 J141813.43-030715.8 587729776370581652 J141814.97-030229.9
0.059 587729776375890238 J150715.36-024437.9 587729776375890239 J150715.03-024442.4
0.084 587731679583338621 J091118.21+432739.8 587731679583338622 J091118.35+432743.6
0.038 587732050019811418 J093407.28+500205.4 · · · · · ·
0.055 587732051096698906 J101141.40+542121.0 587729385534521510 J101103.39+542200.4
0.092 587732053778563406 J083726.29+361504.7 587732053778563397 J083724.48+361520.9
0.055 587732135383269386 J113353.12+514944.7 587732135383269490 J113345.14+514931.9
0.069 588295842321203303 J113132.80+495127.0 587732483820093623 J113155.32+494617.0
0.088 587732483820290057 J113412.76+494728.4 · · · · · ·
0.055 587732577769947258 J101258.30+061036.6 587732702325964991 J101257.27+061103.0
0.087 587732578842575075 J100219.26+063931.4 587732578842575102 J100225.05+064326.3
0.071 587732579376824400 J093754.41+063913.0 587732579376824401 J093755.04+063918.3
0.092 587732771051733096 J113441.02+093106.4 · · · · · ·
0.086 587732772130259084 J121858.34+103547.6 587732772130258977 J121901.79+103515.1
0.037 587731869094510729 J111743.50+534736.2 587733080272273424 J111817.05+534459.6
0.060 587733196234031130 J130249.11+542107.1 587733196234031195 J130248.37+542012.5
0.029 587735241713844401 J090309.09+340542.6 · · · · · ·
0.057 587733604796858600 J151712.98+513644.3 587733604796858443 J151708.46+513558.4
0.052 587733604805443917 J163608.03+374628.7 587733604805443922 J163611.01+374635.4
0.034 587733605332484175 J150245.92+533043.8 587733605332484176 J150244.91+533034.3
0.058 587735042541682841 J090505.74+323720.6 · · · · · ·
0.057 587735236346315025 J081709.01+255520.6 587735236346315026 J081711.17+255506.4
0.095 587735343191752946 J100221.45+094801.5 587735343191752945 J100220.90+094758.1
0.055 587735344263528594 J094321.30+100512.9 587735344263528593 J094321.61+100501.8
0.059 587735430158090373 J140321.98+471014.6 587735430158090361 J140316.07+470958.0
0.073 587735489211007016 J144830.29+423733.1 587735489211007015 J144829.57+423750.9
0.072 587735744221151467 J151120.28+392657.4 587735744221151469 J151120.09+392700.4
0.056 587737826743746617 J072521.05+383702.8 587737826743746618 J072518.67+383655.0
0.094 587738411400364246 J101145.97+132558.6 587738411400364247 J101145.23+132603.8
0.051 587738617559449799 J104451.00+353605.9 587738617559449796 J104450.15+353618.4
0.079 587738947737288888 J084416.63+263303.3 587738947737288887 J084416.52+263300.0
0.095 588007003624702182 J082713.61+471042.4 588007003624702180 J082713.57+471028.2
0.087 588010878221484098 J115257.26+040839.7 588010878221418701 J115255.66+040747.1
0.098 588011101567844500 J153133.96+512534.4 588011101567844499 J153132.75+512534.6
0.082 588011217527111722 J141820.75+581927.1 588011217527111792 J141820.48+582002.4
0.096 588011218606227513 J153302.21+520041.0 588011218606227653 J153304.20+520055.8
0.070 588013382204719185 J114237.11+512051.7 588013382204719186 J114235.64+512056.5
0.076 588013383817560217 J121442.89+530050.5 588013383817494574 J121418.15+525628.6
0.045 588013384353447950 J115930.29+532055.7 588013384353513539 J120038.05+531450.4
0.044 588016879367487551 J085351.43+295704.0 588016879367487530 J085343.77+295541.2
0.038 588017565489627206 J121841.88+114355.2 588017565489627205 J121843.14+114334.4
0.085 588017567630229591 J111340.09+125600.4 588017567630229590 J111337.85+125608.3
0.090 588017625630310705 J144145.32+382520.9 588017625630310706 J144146.87+382518.6
0.103 588017627219493042 J101957.03+413301.4 588017627219493036 J101953.60+413325.0
0.047 588017627230830670 J124217.95+452719.2 588017627230830680 J124219.77+452616.2
0.093 588017704536113267 J111318.85+124342.3 588017704536113268 J111318.62+124340.0
0.081 588017948814475352 J121038.52+425046.9 588017948814475355 J121039.27+424957.9
0.079 588018055663714415 J163419.69+295725.4 588018055663714417 J163419.49+295704.1
0.042 588018056729919561 J153227.36+414842.0 588018056729919553 J153227.65+414842.3
0.093 588297864178041038 J085353.39+335550.8 588297864178041039 J085354.11+335542.6
0.057 588298661962973323 J121748.55+463454.8 · · · · · ·
0.090 588298664110653497 J122027.96+481530.8 588298664110653498 J122026.55+481545.9
0.092 588298664649359559 J124559.97+482824.3 588298664649424954 J124611.51+482652.1
0.103 588848899374907571 J115149.74-003342.2 588848899374907570 J115149.48-003331.2
0.101 588848899930915113 J144645.97-000555.2 588848899930915115 J144647.24-000548.4
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Table 4.2: Complete Target list from February 2009 (NOAO Proposal 09A-0363)
Target RA Dec SDSS ObjID
1 11:51:49.48 -00:33:31.20 588848899374907570
2 11:51:48.66 -00:34:13.00 588848899374907788
3 14:46:45.98 -00:05:55.20 588848899930915113
4 10:36:33.24 02:21:20.70 587726032776265933
5 10:36:31.50 02:22:02.00 587726032776265861
6 10:36:32.79 02:21:54.40 587726032776265860
7 14:26:39.87 03:31:07.80 587726100411056239
8 09:47:17.78 53:49:19.20 587729387143692323
9 09:47:15.81 53:49:26.10 587729387143692322
10 15:31:32.75 51:25:34.70 588011101567844499
11 14:18:12.45 -03:07:00.20 587729776370581628
12 14:18:20.40 -03:10:20.00 587729776370581666
13 15:07:15.03 -02:44:42.40 587729776375890239
14 09:11:18.20 43:27:39.70 587731679583338621
15 11:42:35.64 51:20:56.50 588013382204719186
16 11:42:34.33 51:20:41.10 588013382204719187
17 11:59:30.29 53:20:55.80 588013384353447950
18 11:59:30.09 53:20:57.70 588013384353447951
19 11:59:29.97 53:20:34.50 588013384353447949
20 09:34:02.48 50:01:39.00 587732050019811415
21 08:37:26.30 36:15:04.80 587732053778563406
22 10:11:43.76 54:21:21.50 587732051096698908
23 11:33:53.13 51:49:44.70 587732135383269386
24 11:31:55.32 49:46:17.00 587732483820093623
25 11:34:12.84 49:47:42.30 587732483820290058
26 10:02:19.27 06:39:31.50 587732578842575075
27 10:02:19.85 06:39:10.90 587732578842575199
28 12:57:40.47 60:52:33.50 587732592255041692
29 10:12:58.31 06:10:36.70 587732577769947258
30 11:34:41.05 09:30:54.40 587732771051733095
31 12:18:57.41 10:35:51.40 587732772130259086
32 11:18:17.06 53:44:59.60 587733080272273424
33 16:36:11.02 37:46:35.40 587733604805443922
34 09:37:55.04 06:39:18.30 587732579376824401
35 09:05:04.72 32:37:21.70 587735042541682845
36 09:05:04.59 32:37:13.10 587735042541682842
37 08:17:11.17 25:55:06.40 587735236346315026
38 08:17:10.66 25:54:57.50 587735236346315027
39 10:02:20.91 09:47:58.10 587735343191752945
40 09:43:21.31 10:05:12.90 587735344263528594
41 08:53:51.82 29:57:16.80 588016879367487564
42 14:03:22.97 47:10:20.60 587735430158090374
43 14:03:22.19 47:09:54.80 587735430158090375
44 12:17:48.16 46:34:59.30 588298661962973320
45 12:17:48.48 46:34:50.90 588298661962973326
46 12:18:41.88 11:43:55.30 588017565489627206
47 14:41:45.32 38:25:21.00 588017625630310705
48 12:42:17.95 45:27:19.30 588017627230830670
49 12:42:34.87 45:22:53.00 588017627230830799
50 11:13:18.63 12:43:40.10 588017704536113268
51 11:13:19.28 12:43:20.40 588017704536113273
52 16:34:19.50 29:57:04.20 588018055663714417
53 15:50:24.45 26:25:40.30 587739133501899002
54 07:25:21.05 38:37:02.80 587737826743746617
55 10:11:45.97 13:25:58.70 587738411400364246
56 10:44:50.16 35:36:18.40 587738617559449796
57 10:44:49.39 35:35:37.00 587738617559449811
58 10:44:48.91 35:35:58.50 587738617559449798
59 08:44:16.52 26:33:00.00 587738947737288887
60 08:53:12.97 24:58:32.20 587739114704208099
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of likely interacting systems in Table 4.1, including the brightest and second-brightest galaxies (if
the second brightest galaxy is a confirmed member of the system) and the redshift of the brightest
galaxy with a redshift available prior to this work. Because of fiber allocation and fiber collision,
not all galaxies in each system have SDSS spectroscopy. Galaxies in interacting systems without
SDSS spectra were added to the list of possible follow-up targets for KPNO spectroscopy. Our
selection was intentionally liberal, so as to catch systems entering their first close passage, but not
yet showing signs of disruption. We generated a list of 60 possible targets for this observing run,
including galaxies down to r ∼ 18, (Table4.2). In the following discussion, we refer to objects by
their target number in this table.
Interacting pairs were classified into three different stages of interaction based on angular separa-
tion, H-alpha equivalent widths, and visual disturbance cues. The cases range from the beginnings
of an interaction to almost complete mergers. In the first case, the galaxy pairs are in the very
beginning stages of interacting, the galaxies have a large angular separation and all evidence of
interaction is discerned from. In the second case, pairs have progressed in their interaction. The
galaxies in this stage are highly disturbed visually and have a smaller angular separation but are
still two distinct galaxies. In the final case, the galaxies have almost completed their interaction.
Most of the object in our sample in this staged are double cored.
We show the observed targets in Figure 4.2.3, centered on the slit center. The slit was aligned
along the E-W direction, and spanned the entire width of the image (slit length 152′′, image width
120′′), with CCD rows increasing from East to West (left to right in the images).
4.2.3 Instrument Setup
We performed our observations with the Goldcam spectrograph (0′′.78pixel−1) on the 2.1m telescope
at Kitt Peak National Observatory. All observations used the decker set to a slit length of 152′′ and
grating 240 in first order, which had 500 grooves/mm and was blazed at 5500Å, giving a dispersion
of 1.52Å/pixel. We selected the GG-420 order-separation filter and a grating tilt that produced
a useful wavelength range of ∼ 4500 − 7500Å. Our first two nights of observations were taken
with a slit width of 1′′.52 (120µm), while our last two nights were taken with a slit width of 2′′.03
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Figure 4.2.2: Distribution of redshifts for void galaxies (grey solid) and potentially interacting
galaxies (red) in our volume-limited sample.
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Figure 4.2.3: SDSS gri composite images of our KPNO targets. The cross hairs in the image
represent North/South and East/West on the sky. For all of our goldcam observations, the
slit was orientated along the East/West line (horizontal in these images). Red boxes around
some objects represent the location of an SDSS fiber (as of DR7). All images are on the same
scale, with the bar in the upper-right equal to 10′′. The numbers in the lower right give the
target number on our target list, and the SDSS photometric ID of the object centered in the
cross-hairs.
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Fig 4.2.3 continued
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Table 4.3: Targets and observing parameters
Target, aperture SDSS ObjID psfMag_r exposures total exposure time (s) S/N (central 300) slit width (′′) Date
8 587729387143692323 15.1 2 1800 18.73 1.5 Feb. 12
9 587729387143692322 14.6 2 1200 17.33 1.5 Feb. 12
11 587729776370581628 17.2 3 2700 7.93 1.5 Feb. 12
15 588013382204719186 16.6 2 1800 6.42 1.5 Feb. 12
16 588013382204719187 16.8 2 1200 6.02 1.5 Feb. 12
39 587735343191752945 17.4 3 2700 7.25 1.5 Feb. 12
40 587735344263528594 15.8 3 2700 7.78 1.5 Feb. 12
48 588017627230830670 15.2 1 1200 25.22 1.5 Feb. 12
49 588017627230830799 16.2 1 1200 3.56 1.5 Feb. 12
54 587737826743746617 15.7 2 1200 8.47 1.5 Feb. 12
14 587731679583338621 16.5 3 3600 10.06 1.5 Feb. 13
20 587732050019811415 14.4 2 1800 29.65 1.5 Feb. 13
21 587732053778563406 16.8 2 3300 48.21 1.5 Feb. 13
21 587732053778563406 16.8 2 3300 7.42 1.5 Feb. 13
37 587735236346315026 16.6 2 2400 15.09 1.5 Feb. 13
46 588017565489627206 15.2 2 1800 9.01 1.5 Feb. 13
32 587733080272273424 14.9 2 2100 26.22 2.0 Feb. 14
35, 0 587735042541682845 18.8 2 7200 28.69 2.0 Feb. 14
35, 1 587735042541682845 18.8 2 7200 2.87 2.0 Feb. 14
3 588848899930915113 15.6 2 2100 10.56 2.0 Feb. 15
24 587732483820093623 16.4 2 3600 10.49 2.0 Feb. 15
29 587732577769947258 14.9 2 2100 18.6 2.0 Feb. 15
31 587732772130259086 17.2 1 1800 5.89 2.0 Feb. 15
47 588017625630310705 15.4 1 1200 3.76 2.0 Feb. 15
47 588017625630310705 15.4 1 1200 8.46 2.0 Feb. 15
54 587737826743746617 15.7 1 900 6.41 2.0 Feb. 15
56 587738617559449796 16.2 3 3600 21.86 2.0 Feb. 15
(160µm). This resulted in a spectral resolution of ∼ 2.8pixels (4.26Å) and ∼ 3.0pixels (4.56Å) full-
width half-max, respectively (equivalent to R ∼ 1100). We made these choices to achieve similar
resolution to the SDSS spectroscopy (resolution of ∼ 2000, S/N of ∼ 20 at r = 18) while covering
a sufficient wavelength range to include both Hα and Hβ. Exposure times ranged from 10 to 60
minutes, depending on the target, with between one and three exposures per target (see Table 4.3).
We observed a quartz flat-field lamp and a HeNeAr wavelength calibration lamp with each targeted
observation, and took spectra of 1-2 spectrophotometric standard stars per night for flux calibration.
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4.2.4 Data Reduction
The data reduction was carried out with PyRAF v1.8.12, following the methods described in the
IRAF User’s Guides3. The python script that was used to perform the reduction is available online4.
To remove vignetting and bad traps, we trimmed the data to lie between columns 290 and 2690. The
mean bias level was deteremined from the [218:227] pixel overscan region, which was interactively
verified to be structure-free. For each night, we average combined 15 zero-second exposures and
the resulting master bias image was subtracted from all subsequent data to correct for any two-
dimensional structure. The three quartz-lamp flats per target were averaged and the wavelength-
dependent response removed to produce a master flat for each target.
Columns 603− 605, 1143− 1144, 1250− 1252, 1376, and 1638− 1639 on Goldcam are “hot.” To
reduce spurious features in the extracted spectra, we linearly interpolated across these columns at this
stage. Although this alters the signal-to-noise of these regions in the extracted spectrum, it removes
spurious peaks from the result. During the subsequent fitting procedure (Section 4.2.6), we masked
the corresponding wavelength regions, so they were not included in the fit. The masked regions,
corresponding approximately to wavelengths 7507, 6693, 6530, 6342, and 5946 Å, respectively, are
marked in Figure 4.2.4.
Additionally, pixel 2048,117 (1759,100 in the trimmed images) had an inconsistent response that
was not corrected by the bias and flat frames. This resulted in an occasional spurious spike at
approximately 5277Å.
We extracted the one-dimensional spectra with imred.kpnoslit.doslit. We selected a uniform aper-
ture width of ±3 pixels (∼ 4′′.7), for a balance between signal-to-noise and reduced contamination
from extended emission in each galaxy (see note regarding object #35 in Section 4.2.5). Signficant
flux was apparent in the wings of many sources, which would result in higher line-widths due to
galactic rotation. Because of this, we only extracted ∼ 80% of the flux of the center of the source
in each exposure’s flux. We performed sky subtraction at this stage, with the sky flux typically
2PyRAF is a product of the Space Telescope Science Institute, which is operated by AURA for NASA.
3http://iraf.noao.edu/docs/spectra.html
4WE NEED TO SET UP THIS URL!! WHERE?
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measured 15− 30′′ from the line center.
We assigned a wavelength scale to each target from the HeNeAr-lamp exposure associated with
that target. Exposures of spectrophotometric stars were used to define the flux scale. As atmospheric
telluric absorption was prominent in our spectra around 6885Å and 7620Å, we used the IRAF
task noao.onedspec.telluric to interactively remove these absorption features, using a continuum-
normalized spectrum of one of the spectrophotometric stars as a reference.
4.2.5 Comments on individual objects
3 Double cored elliptical. The spectrum shows either broad Ha and Hb, or blended narrow lines
from the two nuclei.
11 Stellar-like object in the debris of an very disturbed SDSS source. We took spectra to determine
if it might be a “naked” AGN. The spectrum appears to be that of a hot star.
14 The “X”. Both galaxies ended up in the slit. Using the 6 pixel extraction window on the lower
source includes a small amount of flux from emission lines from the upper source. The galaxies
are interacting, as NII/Ha is clearly visible with only slightly different redshifts between them
(a difference of a ∼ 10Å).
21 There is a r~16 star in the slit with plenty of S/N which was not extracted and was far enough
from the galaxy to not contaminate the target spectrum.
29 6885Å telluric line is partially on top of Ha/[NII].
35 The “not vorwerp.” The galaxy is aperture 1, the blob is aperture 2. The extraction window on
the blob was as follows: for the first exposure, a hand picked window at column 1785 (100.0,
-8.0, +8.0) and an order 2 Chebyshev trace with t_nsum 20, t_naverage 30. The second
exposure was extracted the same as the first, but as the moon had risen during the exposure,
it is much noisier. The blob shows clear [OIII] 4958 and 5007.
36 Failed exposure - it looks like the object just missed the slit.
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39 The second and third exposures (a0034, a0035) for this object are very problematic. There is
very little flux at the blue end, which may be causing the trouble.
47 The slit crosses the spiral arms of of SDSS 588017625630310706, which has an SDSS spectrum
with a redshift of z = 0.0903 We extracted this as aperture 2, with a very wide widow.
48 6885Å telluric line directly on top of the Ha/[NII] feature.
49 Significantly underexposed. Very poor S/N. No obvious signs of emission lines.
54 6885Å telluric line is partially on top of Ha/[NII].
56 6885Å telluric line is partially on top of Ha/[NII]. The slit included a r ' 19 smudge that appears
to be a galaxy at much higher redshfit. It was extracted as the second aperture.
4.2.6 Analysis
We fit our spectra with GANDALF5 (Sarzi et al., 2006), after rebinning them all on a constant-log
wavelength scale6 to match the Bruzual & Charlot (2003) templates distributed with GANDALF
(69.03 km/s). This slighly over-sampled our spectra (resolution ~76 km/s), so no resolution was
lost. The GANDALF fits simultaneously fit the stellar continuum, Hydrogen Balmer emission lines
and low-ionization permitted and forbidden emission lines, and masked out the bad columns and
regions dominated by atmospheric absorption around 6885Å and 7620Å. We used the redshift of
the SDSS spectroscopic companion as a seed in the fits. Example spectral fits are shown in Figure
4.2.4.
4.3 Results and Discussion
Void galaxies are on average bluer and less luminous than wall galaxies (Rojas et al., 2004). We
find that our interacting void galaxies are even bluer than the parent void sample (Fig. 4.3.1), with
a shift of ∼ .1 magnitudes in median g − r color. Both early and late type galaxies are represented
5GANDALF was developed by the SAURON team and is available from the SAURON website
(www.strw.leidenuniv.nl/sauron).
6See the algorithm given in log_rebin.pro by Michele Cappellari (V2.21)
Chapter 4: Interacting Galaxies in Voids
77
4000 4500 5000 5500 6000 6500 7000
wavelength (A˚)
0
20
40
60
80
100
120
flu
x
(1
0−
17
er
g
/s
)
3 - 588848899930915113, companion z: 0.10077, target z:0.09675
4500 5000 5500 6000 6500 7000 7500
wavelength (A˚)
0
10
20
30
40
50
60
flu
x
(1
0−
17
er
g
/s
)
8 - 587729387143692323, companion z: 0.03851, target z:0.03748
4500 5000 5500 6000 6500 7000 7500
wavelength (A˚)
0
20
40
60
80
100
120
flu
x
(1
0−
17
er
g
/s
)
9 - 587729387143692322, companion z: 0.03851, target z:0.03719
4500 5000 5500 6000 6500 7000
wavelength (A˚)
0
10
20
30
40
50
60
70
flu
x
(1
0−
17
er
g
/s
)
11 - 587729776370581628, companion z: 0.04475, target z:0.04522
4000 4500 5000 5500 6000 6500 7000
wavelength (A˚)
0
10
20
30
40
50
flu
x
(1
0−
17
er
g
/s
)
14 - 587731679583338621, companion z: 0.08439, target z:0.08779
4500 5000 5500 6000 6500 7000
wavelength (A˚)
0
5
10
15
20
25
30
35
40
flu
x
(1
0−
17
er
g
/s
)
15 - 588013382204719186, companion z: 0.07005, target z:0.07153
4000 4500 5000 5500 6000 6500 7000
wavelength (A˚)
0
5
10
15
20
25
30
flu
x
(1
0−
17
er
g
/s
)
16 - 588013382204719187, companion z: 0.07005, target z:0.07589
4500 5000 5500 6000 6500 7000 7500
wavelength (A˚)
0
50
100
150
200
flu
x
(1
0−
17
er
g
/s
)
20 - 587732050019811415, companion z: 0.03886, target z:0.03720
4000 4500 5000 5500 6000 6500 7000
wavelength (A˚)
0
10
20
30
40
flu
x
(1
0−
17
er
g
/s
)
21 - 587732053778563406, companion z: 0.09214, target z:0.08809
4000 4500 5000 5500 6000 6500 7000
wavelength (A˚)
0
10
20
30
40
50
60
flu
x
(1
0−
17
er
g
/s
)
24 - 587732483820093623, companion z: 0.09916, target z:0.09457
4500 5000 5500 6000 6500 7000
wavelength (A˚)
0
20
40
60
80
100
flu
x
(1
0−
17
er
g
/s
)
29 - 587732577769947258, companion z: 0.05467, target z:0.05491
4000 4500 5000 5500 6000 6500 7000
wavelength (A˚)
0
5
10
15
20
25
30
35
40
flu
x
(1
0−
17
er
g
/s
)
31 - 587732772130259086, companion z: 0.08570, target z:0.08246
Figure 4.2.4: Spectra of potentially interacting systems observed in this study, plotted in the
restframe wavelengths. Plotted are the reduced 1-d spectrum (black), the error array (green),
the total GANDALF fit (red) and fitted emission lines (purple), and the masked regions are
denoted with vertical blue lines.
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Figure 4.3.1: Color-Magnitude diagram of void galaxies and interacting void galaixes. Con-
tours show all void galaxies from the volume-limited sample, while the points interacting galaxies
that are in the volume-limited sample.
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Figure 4.3.2: Number of galaxies of each spectroscopic type in three samples: all galaxies,
void galaxies, interacting void galaxies. There are signficantly fewer LINERs and passives in
the void and interacting void galaxy samples, but the fraction (5 out of 113) of Seyferts in the
interacting galaxy sample is not statistically significantly higher.
among interacting void galaxies, though there is a higher fraction of late type systems, as has been
found in interacting galaxies in the field (e.g. Darg et al., 2010b).
Most interacting void galaxies are pairs (or double-cored systems which are likely just before or
after final coalescence), though we do see triple (e.g. objects 15 and 16), and even one quadruple
galaxy system. Such multiple mergers either occupy the most haloes in the voids, or represent
examples of merging dark matter haloes or filaments within a single void (Gottlöber et al., 2003).
Although voids are the most underdense regions in the Universe on average, there are filaments and
peaks in the dark matter distribution, which can lead to such multiple mergers.
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4.3.1 Where are the AGN?
Similar to other recent studies of large samples of interacting galaxies (Li et al., 2006; Darg et al.,
2010a), we do not find a large fraction of active galaxies in our sample of merging void galaxies. We
find a marked reduction in the number of LINERs and passive galaxies (galaxies with essentially
no emisssion line activity) in interacting void galaxies, even compared to the already low fraction
of such galaxies among non-interacting void galaxies (similar to Constantin et al., 2008). LINERs
represent either weakly accreting, high mass black holes (e.g. Heckman, 1980; Ho, 1999), or post-
starburst activity and shocked gas in old stellar populations (Stasińska et al., 2008; Cid Fernandes
et al., 2010; Sarzi et al., 2010). Both types of galaxy are not expected to appear in large numbers
in the voids, because large black holes have not had time to grow and the stellar populations are
typically younger in void galaxies.
4.4 Conclusions
In this work, we examine the properties of a sample of merging galaxies in the most underdense
regions of the universe, the voids. We visually inspected void galaxies from the SDSS DR4 to
search for potentially interacting or disturbed galaxies. We acquired spectroscopy of members of
potentially interacting systems that were missed by the SDSS fiber allocation system to confirm
their line-of-sight separations, and search for AGN activity in these spectra.
Among interacting void systems with SDSS spectra, we do not find a significantly higher fraction
of AGN than in non-interacting void galaxies. Systems whose emission line activity is dominated
by old stellar populations and/or very weakly accreting large mass black holes are signficantly
underrepresented in both void galaxies and interacting void galaxies. Together, these results suggest
that most black hole accretion in void galaxies is driven primarily by stochastic processes instead of
major mergers (Hopkins & Hernquist, 2006).
We are grateful to the support staff at KPNO, and especially Daryl Willmarth and Doug Williams
for their instruction and help setting up for the observing run.
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Chapter 5: The Clustering of Low Luminosity AGN
Abstract
Large scale structure influences the growth rates of supermassive black holes. Feedback from these
growing central black holes impacts the evolution of their host galaxies. Thus, the spatial clustering
of Active Galactic Nuclei (AGN) should impact both the AGN accretion rate, and the host’s subse-
quent evolution. But the real question is not "how do AGN cluster?” but rather, "what distinguishes
galaxies with current AGN activity?” and what does that tell us about the nature of AGN feeding
and feedback? We use the final SDSS DR7 sample to investigate the small to medium scale envi-
ronments (0.2 - 10 h-1 Mpc) of low luminosity AGN hosts. This scale includes galaxies that are not
interacting but that occupy the same dark matter halo, as well as galaxies in separate dark matter
halos that are merging. We measure the 2-point cross-correlation function of AGN and galaxies in
a volume-limited sample, and examine trends in AGN luminosity, emission line detection, and host
galaxy properties. To reduce contamination from non-accreting sources, we pay particular attention
to defining a robust, reliably classified sample of bona-fide AGN.
5.1 Introduction
Untangling the complex relationship between galaxies and their central supermassive black holes
(SMBH) is one of the foremost problems of modern astronomy. Nearly all massive galaxies host
supermassive black holes, and the size of these black holes are closely related to the size of the
galactic bulge (Kormendy & Richstone, 1995; Magorrian et al., 1998; Gültekin et al., 2009). The
mass of a galaxy–and its bulge–is directly related to the mass and growth history of the dark matter
halo hosting the galaxy (Press & Schechter, 1974; White & Rees, 1978; Abbas & Sheth, 2005;
Bernardi, 2009). Thus, one might expect a correlation between a galaxy’s dark matter halo and its
central black hole.
The connection between the few A.U. scale of the black hole accretion disk and the hundred kpc
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to few Mpc scale of the local galactic environment may run deeper, however. In the local universe,
galaxies with actively accreting SMBHs appear to occupy particular local environments (Constantin
& Vogeley, 2006; Li et al., 2006). These Active Galactic Nuclei (AGN) primarily live in systems
of only moderate local density, lying in neither the most dense, nor the least dense environments.
Thus, the large scale extra-galactic environment may play a direct role in whether a given SMBH is
actively feeding during a given cosmological epoch.
Modern cosmological simulations (e.g. Springel et al., 2005) have had great success reproducing
the overall properties of the Universe, given best-fit parameters from, e.g. WMAP (Hinshaw et al.,
2009). Such statistics include: the two-point galaxy autocorrelation function (Ma & Fry, 2000), the
galaxy three-point correlation function (Wang et al., 2004; Marín et al., 2008), the galaxy power
spectrum (some ΛCDM Vogeley et al.?), and the overall topology (Vogeley et al., 1994). Although
these success are laudable, the scales in such simulations are much too large to properly simulate
how gas is driven down to the SMBH accretion disk. Even the most detailed of these simulations use
individual particle sizes of ∼ 107M, with spatial resolution of order a kiloparsec (Croton et al., 2006;
Booth & Schaye, 2010). Thus, black hole accretion and feedback are typically modelled with ad-hoc
prescriptions for the efficiency at which gas at the smallest resolved scales reaches the accretion
disk (e.g. Kauffmann & Haehnelt, 2000), and some assumption for the efficiency which the AGN’s
output couples to the surrounding medium. Real black holes (Koratkar & Blaes, 1999) grow with
efficiencies that depend on the residual angular momentum and temperature of the inflowing gas
(Shakura & Sunyaev, 1973; Narayan & Yi, 1994) and the nature of the entrained magnetic fields
(Narayan et al., 2002).
To explore the dependence of black hole growth on environment, Kauffmann & Haehnelt (2002)
applied a relatively simple model of quasar growth during major mergers to an N-body cosmological
simulation (Kauffmann et al., 1999). They measured the clustering of galaxies around luminous
quasars in large mass haloes, and found that the correlation function of quasar host haloes was
indistinguishable that of non-quasar haloes of the same mass at low redshift. Though their study only
applied to very luminous quasars in the most massive haloes, it demonstrated that the AGN/galaxy
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cross-correlation function could be a powerful tool for constraining models of black hole growth.
Bonoli et al. (2009) incorporated a semi-analytic model for black hole growth and feedback, where
SMBHs were only allowed to accrete cold gas during merger events, into the higher resolution Mil-
lenium cosmology simulation (Springel et al., 2005). They predicted the two-point auto-correlation
functions of AGN at various redshifts and luminosities and found little dependence of the AGN
two-point auto-correlation function on AGN luminosity at fixed redshift, except at low redshift with
the lowest luminosity bin of their model II, in which an extended, weak accretion phase follows the
peak accretion (model I only allowed for accretion at the Eddington limit). In model II, at low
redshift, the lowest luminosity (Lbol < 1043 erg/s) AGN were more clustered than higher luminosity
AGN, primarily because that low luminosity AGN population was composed of the highest mass
black holes accreting at low rates and which occupied more massive haloes.
There has been some tension among recent measurements of AGN environments in the local
Universe. Wake et al. (2004) measured the two-point auto-correlation function of broadly selected
AGN in the Sloan Digital Sky Survey DR1, finding very little difference between the clustering of
AGN and non-active galaxies. Li et al. (2006) measured the auto-correlation function of a similarly-
selected sample of AGN, finding a slight difference between active and non-active galaxies at very
small scales (∼ 10 − 100kpc). Constantin & Vogeley (2006) studied a more strictly defined sample
of AGN and found that systems currently hosting AGN with luminosities in the range ∼ 1040 −
1043.5erg/s occupy lower density environments than typical galaxies. Each of these studies found
an apparent trend of clustering amplitude with AGN luminosity (measured by [OI] or [OIII] line
luminosity), with less luminous systems being more clustered.
In this work, we study the clustering of a tightly defined sample of AGN in the local Universe,
restricting ourselves to objects whose optical emission is clearly dominated by accretion onto a
supermassive black hole. This reduces the contamination of the correlation function from objects
which occupy particular environments, but which may or may not host an AGN (e.g. LINERs;
Heckman, 1980). We use the large data set provided by the final Sloan Digital Sky Survey (SDSS)
data release, coupled with detailed fits to the optical spectra to extract emission line properties. We
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Figure 5.2.1: Classification of 220,977 galaxies using six narrow optical emission-lines, Hα,
Hβ, [O III], [N II], [S II] and [O I] detected at > 2σ from SDSS spectroscopy. The ionization
potential in a galaxy determines its location on this diagram and thus its classification. Different
classes are identified by color, with stronger color representing a higher density of objects at that
location. The solid curve comes from theoretical modeling of galaxy starbursts from Kewley
et al. (2001). The dashed curve in the first plot is the empirical pure star formation line from
Kauffmann et al. (2003). The Seyfert/LINER separation line is an empirical separatrix from
Kewley et al. (2006).
then measure the cross-correlation function of these various samples with the SDSS main galaxy
sample, using its well understood selection function to control the uncertainties.
We begin with a description of the data and AGN classification scheme in Section 5.2 and
summarize our method of estimating the AGN/galaxy 2-point correlation function in Section 5.3.
In Section 5.4 we compare the clustering of our different emission line classes, and emphasize the
importance of a robust AGN classification. Section 5.5 justifies our choice of emission line detection
threshold. Section 5.6 details the clustering of various subsamples, and explores the dependence of
clustering on emission-line detection thresholds, and we conclude in Section 5.7 with a summary of
the results and their implications.
5.2 Identifying AGN
5.2.1 SDSS DR7
Our base sample is built from the Sloan Digital Sky Survey (SDSS) Data Release 7 (DR7 - Abazajian
et al., 2009) value added catalog from MPA/JHU (Brinchmann et al., 2004), which contains simul-
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taneous fits to the stellar continuum, emission lines, and extinction for galaxy spectra. This catalog
contains 927,552 galaxy spectra with a maximum redshift of 0.7, of which 868,634 are unique (not
repeated fibers), but it excludes objects with broad emission lines. Technical details of the SDSS
photometric camera, telescope, analysis pipeline, monitor and related systems of SDSS can be found
in Gunn et al. (1998), Gunn et al. (2006), Lupton et al. (2001), Hogg et al. (2001) and Smith et al.
(2002), while Pier et al. (2003) describe the astrometric calibration and Fukugita et al., 1996 de-
scribe the u’g’r’i’z’ photometric system. The spectroscopic survey (Blanton et al., 2003) includes
uniform, high quality spectra of nearly a million galaxies (Strauss et al., 2002) via plates containing
3′′ diameter optical fibers.
In addition, we employ the SDSS DR7 NYU Value Added Galaxy Catalog (VAGC) large scale
structure catalog (Blanton et al., 2005), including the K-corrected (Oke & Sandage, 1968) photomet-
ric magnitudes for our main galaxy and type 2 AGN samples. This catalog also provides a survey
mask and associated information to correct for spectroscopic selection effects. For our measurements
of the correlation function, we also incorporate the VAGC random catalogs to correct for survey
geometry and completeness limits. These random catalogs contain points generated with an equal
surface density on the sky within the survey window and outside the bright-star mask, with each
random point specifying the flux limit and fraction of targetted objects that were observed.
Our volume-limited sample includes 117,260 galaxies with −20.2 < Mr < −21.39, corresponding
to 0.05 < z < 0.1172. We use the VAGC redshifts of SDSS main sample galaxies (Strauss et al.,
2002) to construct the volume limited galaxy sample. This represents our comparison sample, against
which we compute the cross correlation of the various samples described below.
In this work, we pay close attention to selecting only bona fide AGN, by which we mean galaxies
hosting supermassive black holes which are accreting at a significant rate. We reject systems whose
optical emission-line ratios could be produced by non-accretion activity, such as post-Asymptotic
Giant Branch (post-AGB) stars, supernova shocks, etc. These systems can appear indistinguishable
from Low-Ionization Emission-line Region (LINER) AGN, particularly when measured through a
fixed-aperture fiber such as SDSS. We call “passive” those objects with either positive equivalent
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Figure 5.2.2: Histograms of emission line luminosity samples of Seyfert galaxies. The top
two plots show the emission line luminosities uncorrected for host extinction, with L[OIII] on
the left and L[OI] on the right. The bottom plots show the same lines, now corrected for host
extinction (as measured during the spectral fitting process). The vertical dashed lines show the
cuts that we use to separate each sample into three equally-numbered luminosity bins.
width in Hα, Hβ, and [O III] 5007Å or less than 2σ detections in each of these lines. For galaxies
showing emission lines in the SDSS spectra, we use the classification criteria set forth in Kewley
et al. (2006), requiring at least a 2σ detection (see Section 5.5 for justification of the 2σ threshold) in
each of six narrow optical emission-lines, Hα, Hβ, [O III], [N II], [S II] and [O I]. We classify galaxies
as either HII, Transition, Seyfert or LINER (see Figure 5.2.1 for these various samples plotted on
the BPT (Baldwin et al., 1981) diagram). We call systems with some, but not all, of these lines
“unclassifiable,” while we term “ambiguous” those systems that have a different classification in each
diagram. The number of objects in each sample is given in Table 5.1.
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5.2.2 AGN Luminosity Subsamples
To explore the relationship between host galaxy environment and AGN luminosity, we split the
Seyfert sample into equally-numbered bins of L[OIII] and L[OI], using both the extinction corrected
and non-corrected fluxes. We compute the extinction correction from the Balmer decrement, R,
measured from the spectra, assuming an intrinsic Balmer decrement R0 = 3.0, as is expected for
an AGN’s narrow-line region. The emission line luminosities and separations between classes are
shown in Figure 5.2.2. The extinction corrected luminosities are typically increased by ∼ 1 dex,
compared to the non-corrected luminosities. We do not convert these line luminosities to bolometric
luminosities because of the large uncertainty in the emission line bolometric corrections for such low
luminosity AGN. Assuming an [O III] bolometric correction of order 100, our AGN sample ranges
in bolometric luminosity from ∼ 1042 − 1044.5 erg/s.
5.2.3 LINERs
Although the classification system described above is robust, in the sense that it rejects objects with
unclear classifications, separates the “AGN” class into two distinct populations (see Section 5.4 for
why this is important), and has a “high bar of entry,” this also means that it will not include the
large number of objects that have one or more of the six emission lines unmeasured. A line could be
unmeasured because it is not present in the spectrum, because it is weak compared to the continuum,
because there was a data dropout in that portion of the spectrum, or because the fitting procedure
was unsuccessful. The majority of objects with some observed emission lines are not classified with
the strict procedure we are using.
Stasińska et al. (2008) and Cid Fernandes et al. (2010) investigated expanded classification
schemes that attempt to include these unclassifiable objects. They replaced Hβ measurements with
Hα or [O II] in the classification diagram and demonstrated that their new classification scheme
could emulate the detailed classification of Kewley et al. (2006), but with significantly relaxed data
requirements. They also demonstrated that the emission line ratios in the “right wing” of the
Kewley et al. (2006) diagram (classified as LINERs) can be produced entirely by post starburst
activity. When this result is combined with the recent integral field unit observations of early-type
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galaxies (Sarzi et al., 2010), the status of LINERs as a population of weak AGN becomes very
suspect.
Although we do not use the revised classifications of Cid Fernandes et al. (2010) in this work,
we plan to incorporate them into a future work and compare the environments of a larger sample of
AGN defined in such a broad manner. Our present work provides a reliable measurement of AGN
environments against which to compare such future studies.
5.3 Measuring Environment: The Cross-Correlation Function
In this study, we measure the AGN/galaxy cross-correlation function, as opposed to the AGN/AGN
auto-correlation function of some previous studies. A significant advantage presented by the cross-
correlation function is its relaxed sensitivity to the AGN selection function, as well as the improved
signal-to-noise of the measurement because of the large “background” sample (the volume-limited
SDSS galaxy catalog).. So long as the spatial selection function of the total galaxy sample is well
constrained, the measurement of the cross-correlation function will be robust.
The cross-correlation function ξ(s) gives the excess probability of finding a galaxy in a volume
element dV, at separation s from a randomly selected AGN,
dP (s) = nG(1 + ξOG(s))dV, (5.3.1)
where nG is the mean galaxy number density (Peebles, 1980). We specify radius as s to signify
that our measurement is in redshift space, not projected or real space. To estimate ξ(s), we count
object/galaxy pairs in shells of increasing radius for each sample of objects, and divide by a count
of object/random pairs, where the random sample is constructed to match the galaxy angular and
redshift selection function. Thus,
ξ(s) = NR
NG
OG
OR
− 1, (5.3.2)
where NR is the number of random points, NG is the number of galaxies, OG is the number of
object/galaxy pairs and OR is the number of object/random pairs (Davis & Peebles, 1983). A
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signficant advantage of this estimator over others (e.g. Landy & Szalay, 1993; Hamilton, 1993) is
that the selection function and on-sky distribution of the sample O do not need to be known.
Though the other estimators have less dependence on the uncertainty in the mean galaxy density
on large scales, in this paper we focus on scales less than 100Mpc, where the different estimators
are essentially identical. We use the NYU VAGC bvoid sample for our random catalog, restricted
to an apparent magnitude of r = 17.6, with the random catalog containing 40 times the number of
objects as the full volume limited catalog.
We estimate the measurement errors through 64 bootstrap resamplings (with replacement) of
each object sample “O.” Bootstrap resampling with replacement (Efron, 1979) is the most straight-
forward internal method for estimating the errors of a sample taken from an unknown probability
distribution. In general, the errors of the 2-point correlation function depend on the higher order cor-
relation functions (Hamilton, 1993), which may not be correctly represented by mock galaxy samples
(i.e an external method). Norberg et al. (2009) compared different internal estimators of the true
error distribution of the galaxy two-point correlation function in a large suite of cosmological simu-
lations. They used several different choices for the number of samplings for both bootstrap (random
resampling with replacement) and jackknife (remove one subsample), and found that each overes-
timated the true error distribution (found through analysis of repeated simulations with the same
parameters) to some degree. Particularly relevant for our work, bootstrap resampling maintained
the shape of the error distribution for all scales, and the error distribution remained Gaussian on
scales below 15h−1Mpc, which is our scale of interest. On the other hand, on the jackknife method
significantly overestimated the errors on small scales, was strongly dependent on the number of
subsamples chosen, and showed non-Gaussian errors at only 6h−1Mpc. Although Norberg et al.
(2009) described a method for improving the standard bootstrap technique, it requires tuning to a
given data set, and we will not consider it here.
One should thus keep in mind that the error ellipses quoted in our work may be overestimated
by up to ∼ 40%.
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Figure 5.4.1: Left: The redshift-space correlation functions, ξ(s), for all galaxies (auto-
correlation) compared with that for passive, transition, Seyfert, LINER, and HII galaxies (cross-
correlation with galaxies) with at least 2σ detections in six emission lines, from a volume-limited
sample of SDSS DR7. Center: the relative clustering of the samples, normalized to the full
galaxy sample. The solid lines are fits to a power-law of the form (s/s0)−γ . The plotted 1σ er-
rorbars are computed from 64 bootstrap resamplings of each sample. Right: the full confidence
contours computed from the fits to (s/s0)−γ , including the convariance matrix computed from
the bootstrap resampling. The dashed lines mark the best fit value. The contours mark the 1
and 2σ confidence levels of the fitted parameters, assuming normally distributed errors. Seyferts
and transitions are significantly less clustered than galaxies in general, but more clustered than
galaxies with on-going star formation (HII), while LINERs cluster similar to galaxies.
Table 5.1: Volume-limited correlation function samples
Name N s0a γb
All Galaxies 117260 7.59± 0.18 1.29± 0.031
Passive 23853 8.59± 0.27 1.31± 0.030
HII 2σ 15603 6.16± 0.10 1.29± 0.018
Transition 2σ 8242 6.76± 0.13 1.29± 0.028
LINER 2σ 2524 7.42± 0.23 1.34± 0.046
Seyfert 2σ 2351 6.73± 0.19 1.32± 0.040
5.4 The Clustering of Different Emission Line Classes
We describe here the overall dependence of the 2-point cross correlation functions with the opti-
cal emission-line classifications described in Section 5.2.1. In all of the following work, we fit the
correlation functions with a power law of the form
ξ(s) = (s/s0)−γ , (5.4.1)
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where γ is the slope and s0 is the clustering amplitude, or clustering length. This gives scale at
which the probility (see Equation 5.3.1) of finding an object/galaxy pair is twice that of a random
distribtion (i.e. ξ(s0) ≡ 1).
Figure 5.4.1 shows the measured two-point redshift space correlation functions for all galaxies,
and five subsamples selected based on spectroscopic properties: passive, HII, LINER, Transition
and Seyfert. The central plot shows the two-parameter fit to each sample, and each of the samples
normalized by the fit for all galaxies to emphasize the differences between the samples. Passive
galaxies, showing no significant emission lines, are by far the most strongly clustered, while HII
galaxies, with emission dominated by star formation processes, are the least clustered. LINERs,
whose emission could come from either weakly accreting AGN, post-starburst activity, shocks or
other low-ionization process, are clustered much like the overall galaxy distribution. Seyferts, whose
emission-lines are dominated by bona fide AGN activity, and Transitions, whose population likely
contains a mix of emission from AGN and star formation, both have similar environments, with
clustering amplitudes between LINERs and HII galaxies.
The right hand plot in Figure 5.4.1 shows the 2-dimensional confidence contours (only the 1 and
2σ contours are plotted for clarity) for these measurements, with the best fit values marked with
dashed lines. The 1-dimensional errorbars that often accompany correlation function plots do not
correctly describe the full covariance of the error distributions. The full confidence contours shown
in Figure 5.4.1 demonstrate that galaxies selected strictly on the basis of spectroscopic properties
show markedly different clustering amplitudes. We find strong evidence for a trend in clustering
amplitude of spectroscopically classified galaxies which, ordered from most clustered to least clus-
tered is: passive, LINER and all galaxies, Seyfert and Transition, HII. Although this result has been
demonstrated previously (Miller et al., 2003; Constantin & Vogeley, 2006), the present work has
higher statistical signficance and measures the clustering of all galaxies around each sample, instead
of the auto-correlation within each sample.
The fitted parameters, 1-dimensional errors and number of objects per sample are summarized
in Table 5.1. The 1σ errors on each parameter in the table are produced by marginalizing over
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Figure 5.5.1: The cross-correlation functions of Seyferts with 2, 4 and 6σ emission line
detection thresholds for all 6 lines. The relative errors increase with the emission line threshold
because of the decrease in the number of Seyferts with emssion lines detected above a each
threshold. The elements of the figure are the same as Figure 5.4.1. There is no significant
change in either the clustering amplitude or the slope, with the required emission-line strength,
although there is a slight trend for the 6σ bin. This is elaborated on in the text.
the other parameter (i.e. integrating the 2d covariance matrix with respect to that parameter and
taking the 68.3% confidence level).
5.5 Emission Line Detection Threshold
Higher luminosity AGN likely show stronger emission lines, which are more likely to be detected over
the continuum of their host galaxy. This means that high redshift galaxies hosting weak AGN are
preferentially missed over weak AGN hosts at low redshift. This problem is discussed in Constantin
& Vogeley (2006), and it imposes an additional selection effect that causes emission line galaxies
selected from a volume limited catalog to not represent a volume limited catalog themselves. As a
way of testing the dependence of classification on emission line strength, we create samples requiring
between 2 and 6σ detections of all relevant emission lines (see Figure 5.2.1) and measure the 2-point
cross-correlation function of these samples compared to the total galaxy sample.
In Figures 5.5.1 through 5.5.4 we show the clustering of Seyfert, LINER, Transition and HII
objects selected with either a 2, 4 or 6σ emission-line detection threshold for all 6 lines. There is no
significant difference between the correlation functions for Seyferts identified using between 2 and 6σ
emission-line detections. This suggests that the Seyfert 2σ sample is not significantly contaminated
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Figure 5.5.2: The cross-correlation functions of LINERs with 2, 4 and 6σ emission line
detection thresholds for all 6 lines. The relative errors increase drastically with the emission line
threshold because of the large drop in the number of LINERs with emssion lines detected above
a each threshold. There is a decrease in the clustering amplitude with increasing threshold,
though it is unclear whether this is signficant, due to the vastly increased errors. The elements
of the figure are the same as Figure 5.4.1.
Figure 5.5.3: The cross-correlation functions of Transitions with 2, 4 and 6σ emission line
detection thresholds for all 6 lines. The relative errors increase somewhat, but there is a no-
ticeable decrease in the clustering amplitude of transition galaxies with increasing emission line
detection threshold. The elements of the figure are the same as Figure 5.4.1.
Chapter 5: The Clustering of Low Luminosity AGN
95
Figure 5.5.4: The cross-correlation functions of HII galaxies with 2, 4 and 6σ emission line
detection thresholds for all 6 lines. Again, the relative errors increase somewhat, but there is a
slight decreasing trend in the clustering amplitude of HII galaxies with increasing emission line
detection threshold. The elements of the figure are the same as Figure 5.4.1.
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Figure 5.5.5: Redshift distributions of the emission line classes with different line detection
thresholds. Note the overall flattening of the curves as the detection threshold increases.
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by non-Seyfert galaxies, justifying its use in this study.
The LINER and Transition samples both show a change at the 6σ thresholds, most likely due
to the changing redshift distributions of these samples. Systems with weaker emission lines are
preferentially rejected at higher redshift, because more galaxies continuum is in the fixed-aperture
fiber. This is most prominent for objects with the weakest emission lines, the LINERs. Although
there is a change in clustering amplitude and slope as the emission line threshold is increased, it is
difficult to draw any robust conclusions from this, due to the vastly increased errors, and altered
redshift distribution. Figure 5.5.5 shows the redshift distributions of the emission line classes with
line detection between 2 and 6σ, demonstrating the dropoff in the number of galaxies detected at
higher redshift as the emission line threshold is increased.
Higher emission line detection thresholds preferentially reject galaxies at high redshift and more
luminous, and thus more massive galaxies, because more of the host galaxy light is included in the
fixed-aperture fiber and because the high host brightness reduces the detectability of weaker lines,
respectively. This biases the sample toward nearby, low luminosity galaxies, which are less clustered
than more luminous, higher redshift galaxies.
5.6 Tests for Variation of Clustering with AGN and Host Properties
5.6.1 AGN Luminosity
In Figures 5.6.1 through 5.6.4 we show the dependence of the AGN correlation functions with
the AGN luminosity. We use L[OIII] and L[OI] as proxies for the AGN bolometric luminosity, and
compute the correlation function for both non-extinction corrected and extinction corrected emission
line luminosities (the various subsamples are described in Section 5.2.2). The lowest luminosity
sample in both of the non-extinction corrected emission line samples show slightly higher clustering
than the two higher luminosity samples. This result is of only marginal statistical significance, and
when the extinction corrected luminosities are used, the trend disappears. This suggests that the
clustering trend observed for the uncorrected luminosities is more dependent on host extinction than
on AGN luminosity.
Our result contrasts with the results of Wake et al. (2004) and Constantin & Vogeley (2006) who
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Figure 5.6.1: The correlation functions of Seyfert galaxies in three bins of [O III] luminosity
without extinction correction. The lowest luminosity bin is slightly more clustered than the
other two bins, though this result has low significance. The elements of the figure are the same
as Figure 5.4.1.
Figure 5.6.2: The correlation functions of Seyfert galaxies in three bins of [O I] luminosity,
without extinction correction. Again, the lowest luminosity bin is slightly more clustered than
the other two bins, though still at low signficance. The elements of the figure are the same as
Figure 5.4.1.
Figure 5.6.3: The correlation functions of Seyfert galaxies in three bins of [O III] luminosity,
now corrected for host extinction. The trends that appeared in Figure 5.6.1 have now disap-
peared, and all three bins show similar clustering amplitude. The elements of the figure are the
same as Figure 5.4.1.
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Figure 5.6.4: The correlation functions of Seyfert galaxies in three bins of [O I] luminosity,
now corrected for host extinction. Once again, the trends in Figure 5.6.2 have disappeared.
The elements of the figure are the same as Figure 5.4.1.
each found an increase in the clustering amplitude for the lowest luminosity bin, while our result is
similar to that of Li et al. (2006). However, the AGN sample in Wake et al. (2004) is dominated
by LINER-like systems, as they did not use as strict a classification of AGN, suggesting that the
lowest luminosity sample was primarily LINERs, which we have shown to have significantly higher
clustering than bona fide AGN. On the other hand, the AGN sample of Constantin & Vogeley (2006)
is relatively robust, using a slightly different classification scheme than ours, but requiring detections
in all 6 lines and separating LINERs from Seyferts. It is somewhat unclear why we could find such
different results for the relative clustering of AGN of different luminosities, given the similarities of
our samples. In contrast, Li et al. (2006) used a similar AGN classification to Wake et al. (2004), and
found similar clustering amplitudes for different bins of L[O III]/MBH (as a proxy for the accretion
rate relative to the Eddington limit), with the highest luminosity bin being slightly more clustered.
5.6.2 Host Luminosity
As a test of what distinguishes AGN hosts from galaxies that are not currently harboring actively
accreting SMBHs, we compute the cross-correlation functions of a matched sample of non-AGN
galaxies. We generate 100 randomly-selected samples of non-AGN galaxies from the volume-limited
catalog, matched to our AGN sample in K-corrected absolute r-band magnitude to directly compare
AGN and non-AGN hosts. Each random galaxy sample contained 2351 galaxies, the same as the
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Figure 5.6.5: Comparison of correlation function amplitudes (s0) and slopes (γ) for 100
subsamples of the volume-limited catalog matched to the Seyfert sample in absolute r-band
magnitude, each containing same number of objects as the Seyfert sample, 2351. None of the
matched galaxy samples has a clustering amplitude as low as the Seyfert sample. The 1 and
2σ Seyfert and all galaxy confidence levels are the same as those shown in Figure 5.4.1.
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number of objects in the Seyfert sample. The r-band absolute magnitude is roughly related to the
host galaxy stellar mass (light coming both young and old stellar populations contributes to r-band
flux), so one could also consider these samples to be roughly matched on host stellar masses.
Figure 5.6.5 shows the correlation function amplitudes and slopes for these 100 subsamples,
compared with that of Seyferts and the auto-correlation of the full galaxy catalog. None of the
matched samples show a clustering amplitude as low as that of AGN, and their overall distribution
has slightly higher clustering than the autocorrelation of all galaxies. This demonstrates that galaxies
with actively accreting SMBHs occupy less dense environments in the local Universe than hosts of
similar aboslute magnitude (and thus similar stellar mass).
AGN hosts span a wide range of luminosity, however, so this is not as robust a probe of AGN host
uniqueness as one might first think. A stronger test would include host morphology: Seyfert galaxies
of different luminosity occupy hosts of particular morphologies and masses (Schawinski et al., 2010).
In a future work, we will use the Galaxy Zoo morphology data to generate more detailed matched
non-AGN samples to push this study further.
5.7 Conclusions
In this work we have shown,
1. Galaxies selected with different spectroscopic properties show significantly different clustering
amplitudes, with star forming galaxies being the least clustered and passive galaxies being the
most clustered. The broad spectroscopic classes in order from most clustered to least clustered
are: passive, LINER and all galaxies, Seyfert and Transition, HII.
2. LINERs and Seyferts, which are often lumped together as a single “AGN” class, reside in very
different environments and should be distinguished when discussing the properties of galaxies
hosting actively accreting black holes. Seyferts are in less dense environments than other
galaxies, while LINERs are occupy similar environments to galaxies in general.
3. Varying the emission line detection threshold for inclusion in the 6-line classification diagram
does not significantly change the clustering properties of emission line classes. This is important
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because it means our results are robust with respect to the signal to noise of the spectra and
the relative brightness of the AGN and galaxy. However, requiring too-stringent a cut on
emission line detection in a spectroscopic sample using fixed fiber apertures can significantly
bias a sample because of the decrease in relative line flux in the aperture for distant sources
(a form of Malmquist biasing).
4. There is no signficant difference in the environments of low luminosity AGN hosts in the local
Universe of different luminosities when using extinction-corrected emission line luminosities
(L[O III] and L[O I]) as a proxy for AGN luminosity. When using un-corrected line luminosities,
a trend appears which may be related to the variation of the extinction between AGN hosts
(Constantin & Vogeley, 2006).
5. AGN hosts are less clustered than non-AGN hosts of similar r-band luminosity. While matched
samples of non AGN hosts are slightly more clustered than galaxies in general, AGN hosts are
less clustered than galaxies.
In contrast to the simulations of AGN clustering of Bonoli et al. (2009), we find that AGN hosts in
the local Universe are less clustered than the overall galaxy population, and thus likely occupy less
massive dark matter haloes. Most of our AGN would fall into their lowest luminosity bin, for which
they found an increase in the clustering amplitude relative to more luminous AGN. This discrepency
is likely due to their choice of model: AGN could only grow during merger events, and (in their
more physical model II) had a long tail of declining emission. Thus, most black hole activity in their
model II in the local Universe comes from large black holes accreting at very low levels.
Although there is a signficant population of large mass (MBH & 108M) black holes in the local
Universe that are accreting at low levels (possibly contributing to galaxies with LINER emission),
galaxies that we term bona fide AGN (Seyferts) are likely dominated by smaller mass black holes
accreting at much higher rates (Constantin & Vogeley, 2006; Schawinski et al., 2007). The low
luminosity AGN from Bonoli et al. (2009) would likely be represented by the LINERs (or even
the passives) in our sample, while our Seyferts represent a class of AGN which may not be driven
primarily by merger events, but rather by secular accretion and internal galactic processes (e.g.
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Hopkins & Hernquist, 2006).
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Chapter 6: The Clustering of Broad and Narrow line AGN
Abstract
Broad line and narrow line Active Galactic Nuclei (AGN) should occupy similar environments if their
observed differences are driven primarily by differences in obscuration along their respective lines of
sight. Identifying broad and narrow line AGN in the same galaxy sample is difficult because they are
generally targetted for spectroscopy through different methods and show quite dissimilar spectral
features. In this paper, we measure the galaxy environments of > 1000 broad line AGN (type 1) and
> 2000 narrow line AGN (type 2) by computing their redshift space cross-correlations with SDSS
main sample galaxies from a volume limited catalog in the redshift range 0.05 < z < 0.117. We select
the broad line AGN sample from SDSS objects classified as “QSO,” perform fitting of these spectra
to estimate the fraction of objects that are not genuine broad line AGN, and find a contamination
fraction of ∼ 4− 5%. We find that broad and narrow line AGN in the local universe occupy similar
environments. The difference between the clustering amplitude of type 1 AGN (s0 = 7.12 ± 0.31)
compared with type 2 AGN (s0 = 6.73 ± 0.19) on 2 − 8Mpc scales is not statistically significant.
This represents the first measurement of the relative clustering of broad and narrow line AGN drawn
from the same observational sample in the local universe. Our results are consistent with the AGN
unification theory.
6.1 Introduction
The AGN unification theory (Antonucci, 1993; Urry & Padovani, 1995) posits that broad line (type
1) and narrow line (type 2) active galaxies belong to the same parent population, and that their
differences–specifically the presence or absence, respectively, of broad Hydrogen Balmer emssion
lines in the optical spectrum–are due to our line of sight passing through different amounts of
obscuration of the central engine. Thus the hosts of type 1 and type 2 AGN should show similar
properties. At similar redshift and AGN luminosity, type 1 and type 2 AGN hosts should occupy
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similar environments, and thus show similar clustering properties.
Most optical studies of AGN clustering have generally focused on either broad (e.g. Croom et al.,
2001; Coil et al., 2007; Padmanabhan et al., 2009) or narrow (e.g. Miller et al., 2003; Wake et al.,
2004; Constantin & Vogeley, 2006) line AGN, not both in the same redshift range. Broad line AGN
have a very low space density and their luminosity generally swamps the host galaxy. Narrow line
AGN, though more numerous, are typically only observed to moderate redshifts and require higher
signal to noise spectra to identify their emission lines. The Sloan Digital Sky Survey has sampled
nearly a million galaxies in the local universe (z . 0.3), of which some small fraction contain a broad
line AGN in the nucleus (see Hao et al. (2005a,b) for an estimate of the AGN luminosity function at
low redshift from SDSS data). Unfortunately, most of these objects have been generally overlooked,
both by those who study galaxies–the broad emission lines and power law continuum make it much
more challenging to fit the stellar continuum–and by those who study quasars–their luminosities
place them below the SDSS quasar magnitude cutoff of Mi < −22.0.
Gilli et al. (2005) used small samples of X-ray selected AGN , distinguishing between type 1 and
type 2 objects through different hardness ratios; type 2 AGN should have a harder X-ray spectrum
because they experience more obscuration. Their objects spanned a redshift range of 0 < z < 4,
with a median redshift of 0.7. They found no significant difference between the clustering of their
classes of type 1 and type 2 AGN, but their samples contained only 79 and 60 objects, respectively.
Strand et al. (2008) combined the SDSS DR5 quasar catalog (Schneider et al., 2007), removing
objects with extended morphology, with the type 2 quasar catalog of Zakamska et al. (2003) and a
selection of lower luminosity sources selected via the method of Hao et al. (2005a). Their objects
spanned a redshift range of 0.11 < z < 0.6, with the type 2 quasars occupying 0.3 < z < 0.6, and
the low luminosity sources occupying 0.11 < z < 0.33. They measured the density of galaxies with
photometric redshifts around each source in order to determine the “mean overdensity” of sources
around each sample. They found no difference in the environments of type 1 and type 2 quasars,
but found that lower luminosity type 2 AGN occupied consistently more overdense environments
than correspondingly lower luminosity type 1 AGN.
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In this work, we compare the environments of > 1000 type 1 and > 2000 type 2 AGN selected
from the SDSS DR7 catalog over the same range of redshift in the local universe, by measuring
their redshift space cross-correlations with a volume-limited sample of galaxies from SDSS DR7. We
describe the data and spectral fitting in Section 6.2, the calculation of the cross-correlation function
and errors in Section 6.3, and discuss the implications in section 6.4.
6.2 Data
For our main galaxy sample, we employ the Sloan Digital Sky Survey (SDSS) Data Release 7 (DR7
- Abazajian et al., 2009) NYU Value Added Galaxy Catalog (VAGC) large scale structure catalog
(Blanton et al., 2005), including the K-corrected (Oke & Sandage, 1968) photometric magnitudes
for our main galaxy and type 2 AGN samples. This catalog also provides a survey mask and
associated information to correct for spectroscopic selection effects. For our measurements of the
correlation function, we also incorporate the VAGC random catalogs to correct for survey geometry
and completeness limits. These random catalogs contain points generated with an equal surface
density on the sky within the survey window and outside the bright-star mask, with each random
point specifying the flux limit and fraction of targetted objects that were observed.
Our volume-limited sample includes 117,260 galaxies with −20.2 < Mr < −21.39, corresponding
to 0.05 < z < 0.1172. We use the VAGC redshifts of SDSS main sample galaxies (Strauss et al.,
2002) to construct the volume limited galaxy sample. This represents our comparison sample, against
which we compute the cross correlation of the AGN samples described below.
Our narrow line AGN sample is built from the SDSS DR7 value added catalog from MPA/JHU
(Brinchmann et al., 2004), which contains simultaneous fits to the stellar continuum, emission lines,
and extinction for galaxy spectra. This catalog includes 868,634 unique galaxies to a maximum
redshift of 0.7, but the MPA/JHU catalog excludes objects that had broad emission lines identified
through the SDSS spectroscopic pipeline.
To identify type 2 AGN, we use the Seyfert classification of Kewley et al. (2006), requiring at
least a 2σ detection in each of six narrow optical emission-lines, Hα, Hβ, [O III], [N II], [S II] and
[O I]. A detailed description of our classification methodology will be presented in Parejko et al.
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(in prep.). This classification scheme rejects LINERs, whose emission lines may be dominated by
non-AGN activity (Stasińska et al., 2008; Cid Fernandes et al., 2010; Sarzi et al., 2010). As our
goal is to compare the clustering of bona fide AGN, we use a restrictive classification scheme to
reject those objects that may not host an AGN. Our narrow line sample contains 2351 objects in
the volume-limited catalog.
For the type 1 AGN sample, we begin with those objects in our redshift range that the SDSS
spectroscopic pipeline has identified as “QSO”. This identification is assigned when the quasar tem-
plate cross-correlation redshift has a higher confidence level than the galaxy template (the majority
of our objects) or when the emission line redshift routine identifies it as a quasar and has a higher
confidence level than the cross-correlation redshift (a small number of our objects).1 This sample
contains 1260 objects within the volume-limited galaxy catalog redshift range, though it is not a
volume limited catalog, because the galaxy magnitudes are contaminated by the bright central AGN.
Note that only a handful of these objects are included in the DR7 quasar catalog (Schneider et al.,
2010), as they have absolute i-band magnitudes dimmer than −22.
To estimate the fraction of objects with genuinely broad Hα in this latter catalog, we perform
detailed spectral fitting using GANDALF2 (Sarzi et al., 2006). We simultaneously fit the Bruzual
& Charlot (2003) templates for the stellar continua and both high- and low-ionization permitted
and forbidden emission lines, including broad Hydrogen Balmer components. Two example fits are
shown in Figure 6.2.1. Broad and narrow line components are generally well constrained and fit
distinctly, although those objects with a strong power law continuum or substantial iron complex
blueward of ∼ 4000Å are not well fit. These objects have very prominent broad Balmer lines, so
although they are poorly fit, they should be included in the broad line sample. Objects with bad
fits were visually inspected, and nearly all showed clear broad Balmer lines. The goal of this fitting
procedure is not to measure the spectral properties, but just to confirm that the sample is not
significantly contaminated by non-broad line galaxies.
Our fitting confirms that the vast majority of these objects do have at least a broad Hα com-
1More details can be found at http://www.sdss.org/dr7/algorithms/redshift_type.html
2GANDALF was developed by the SAURON team and is available from the SAURON website, www.strw.
leidenuniv.nl/sauron
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Figure 6.2.1: Example GANDALF fits to broad line AGN from SDSS DR7. Wavelengths
are in the rest frame of the source. Shown in black is the original spectra, red is the total
GANDALF fit (continuum+lines), magenta is only the emission lines and blue are mask sky
lines. The area around Hα is shown in the inset. The numbers on top are the SDSS MJD-plate-
fiber identifier. The first two plots have clear broad Balmer lines, while the third plot does not
show a signficant broad Balmer component. The fourth plot shows an example of a poor fit due
to the power law+iron complex on the blue end.
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Figure 6.2.2: Width of the broad component of Hα from the GANDALF fits to the type-1
sample. The objects with widths below ∼ 600 km/s represent the “contamination fraction” of
this sample.
ponent, if not other broad Balmer lines, high ionization lines and/or a power law continum plus
blended iron emission. Figure 6.2.2 shows the full width at half-max (FWHM) for the broad com-
ponent of Hα for all 1260 objects in the sample. Only ∼ 50 objects ( ∼ 4 − 5% of the sample)
do not show a measureable broad line region, while most have Hα FWHMs > 1000 km/s. This
fraction includes those objects that were poorly fit for various reasons and did not show clear broad
Balmer lines after visual inspection. The type 2 (Seyfert) sample described above also contains a
few percent contamination (determined from visual inspection) from objects with very weak broad
line components that are not fit during the MPA/JHU fitting procedure.
In Figure 6.2.3, we show the redshift distributions of the type 1 and type 2 AGN samples, with the
volume-limited galaxy population (against which we are performing the cross-correlation) plotted
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Figure 6.2.3: Redshift distributions of the type 2 AGN and type 1 AGN samples used in this
study. Error bars assume Poisson errors. The grey histogram in the background shows the total
volume-limited galaxy population.
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Figure 6.3.1: Left: the redshift-space correlation functions, ξ(s), for all galaxies (auto-correlation)
compared with that for broad line and narrow line AGN, from a volume-limited sample of SDSS DR7.
Center: the relative clustering of the samples, normalized to the full galaxy sample. The straight lines
are fits to a power-law of the form (s/s0)−γ , with the fitting region marked with vertical dashed lines.
The plotted 1σ errorbars are computed from 64 bootstrap resamplings of each sample. Right: the
full confidence contours computed from the fit to (s/s0)−γ , including the convariance matrix computed
from the bootstrap resampling. The dashed lines mark the best fit value. The contours mark the 1,
and 2σ confidence levels of the fitted parameters, assuming normally distributed errors.
as a grey histogram with the same binning as the AGN samples. The redshift distributions of the
AGN samples are similar, and are also similar to the redshift distribution of the main galaxy sample,
suggesting that the physical structures being compared are the same.
6.3 Correlation Functions
In this study, we measure the AGN/galaxy cross-correlation function, as opposed to the AGN/AGN
auto-correlation function of some previous studies. A significant advantage presented by the cross-
correlation function is its relaxed sensitivity to the AGN selection function (how objects were selected
for spectoscopy and then subsequently identified as AGN), as well as the improved signal-to-noise
of the measurement because of the large “background” sample (the volume-limited SDSS galaxy
catalog). So long as the spatial selection function of the total galaxy sample is well constrained, the
measurement of the cross-correlation function will be robust.
The cross-correlation function ξ(s) gives the excess probability of finding a galaxy in a volume
element dV, at separation s from a randomly selected AGN,
dP (s) = nG(1 + ξAG(s))dV,
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where nG is the mean galaxy number density (Peebles, 1980). We estimate the redshift-space cross-
correlation function ξ(s) via the Davis & Peebles estimator (Davis & Peebles, 1983),
ξ(s) = NR
NG
AG
AR
− 1,
where NR is the number of random points, NG is the number of galaxies, AG is the AGN/galaxy
counts and AR is AGN/random counts. A signficant advantage of this estimator over others (e.g.
Landy & Szalay, 1993; Hamilton, 1993) is that the selection function and on-sky distribution of
the sample A do not need to be known. Though the other estimators have less dependence on the
uncertainty in the mean galaxy density on large scales, in this paper we focus on scales less than
100Mpc, where the different estimators are essentially identical. Our random and galaxy catalogs
are taken from the NYU VAGC bvoid sample, restricted to an apparent magnitude of r = 17.6, with
the random catalog containing 40 times the number of objects of the full volume limited catalog.
We estimate the measurement errors through 64 bootstrap resamplings (with replacement) of each
AGN sample “A.”
Figure 6.3.1 shows the cross-correlation of type 1 and type 2 AGN with galaxies, compared
with the auto-correlation function of all galaxies, measured in bins equally spaced in powers of 1.2.
Type 2 AGN are slightly less clustered than type 1 AGN, but the difference is not statistically
significant. We fit the correlation functions with a power-law of the form ξ(s) = (s/s0)−γ in the
range 2Mpc < s < 8Mpc where redshift distortions should be minimal, and find s0 = 6.73 ± 0.19
and γ = 1.32±0.04 for type 2 AGN and s0 = 7.12±0.31 and γ = 1.29±0.06 for type 1 AGN. These
1-dimensional errors incorporate the covariance matrix computed through the bootstrap resampling.
The 2-dimensional 1σ contours of the type 1 AGN sample fully enclose the 1σ contours of the type 2
AGN sample. The difference between the Seyfert and all galaxy correlation functions is statistically
significant, and is discussed in more detail in Constantin & Vogeley (2006) and Parejko et al. (in
prep). There is no statistically significant difference between the two samples, in either slope or
amplitude. Our results are robust to small changes in the fitting window.
The redshift space correlation function, ξ(s), is sensitive to peculiar velocity differences between
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samples. If one sample occupies a more dense environment than the other, peculiar velocities
would distort the slope of the denser sample, relative to the less-dense sample. The slopes of our
broad and narrow line AGN samples are statistically indistinguishable, bolstering the claim that the
environments of these two samples are similar.
6.4 Summary and Discussion
In this work we have demonstrated that broad and narrow line AGN in the local universe inhabit
very similar environments on scales of 2−8Mpc. This represents the first measurement of the relative
spatial clustering of broad and narrow line AGN, drawn from the same sample, in the local universe.
Our results provide independent support for the AGN unification theory; broad and narrow line
AGN should be drawn from the same parent population and have similar clustering if the difference
between them is primarily driven by orientation angle differences.
In comparison with Strand et al. (2008), we do not find a significant difference between the
environments of lower luminosity type 1 and type 2 AGN (very few of our objects would traditionally
be classified as quasars). We measure environments on larger scales and at lower redshifts than
Strand et al. (2008), but our broad and narrow line AGN are situated in the same volume, whereas
their different AGN samples occupied different ranges of redshift. Our results are not necessarily
inconsistent: broad and narrow line AGN could live in similar halos, as we observe, while the spectral
features of low luminosity AGN could be driven by the timelines of interactions at the smallest scales,
as observed in Strand et al. (2008) (see also Hopkins et al., 2006).
We plan to refine the broad line sample by refining our spectral fits, in order to match the
broad and narrow line samples on AGN luminosity, black hole mass and Hα width to explore
the dependence of clustering on accretion properties. Also, our type 1 sample clearly includes
representatives of the type 1.5-1.9 AGN sub-classes, and we plan to use these improved fits to study
the relative clustering of these sub-classes in the same sample.
We are grateful to Rajesh Deo for his helpful comments during the preparation of this manuscript.
We acknowledge funding from NSF grant AST 05-07647.
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Part IV
Bringing it all Together
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Chapter 7: Conclusion
7.1 Coevolution of Galaxies and their Black Holes
The evidence is that AGN observed in the present epoch accrete mostly at a low rate, occur in
galaxies in environments that are less clumpy than typical galaxies, and show no signs of mergers
being the primary driver of accretion activity. While major mergers may have been the driving
force behind the formation and feeding of luminous quasars in the early Universe, more modest
AGN in the local Universe are not associated with strong disruption of the host. This conclusion
is consistent with the results of Constantin et al. (2008), who found a population of AGN in large
cosmic voids–the least likely places for mergers.
7.2 AGN Environment Depends on What “AGN” Means
The details of AGN classification strongly impact the conclusions one reaches about the properties
of both the AGN and their host galaxies. Constantin & Vogeley (2006) and the present work
(Chapter 5) found that those galaxies identified as “Low Ionization Emission-line Regions” (LINERs)
(Heckman, 1980) show clustering properties consistent with the whole galaxy sample, while Seyferts
are clearly less clustered. LINERs can make up a significant, if not dominant, fraction of all “AGN”,
depending on the choice of classification system. If a significant fraction of LINERs are dominated
by emission from non-nuclear, non-accreting sources, as some have suggested (Keel, 1983; Stasińska
et al., 2008; Sarzi et al., 2010; Cid Fernandes et al., 2010), then classification systems that group
all LINERs with other AGN will result in invalid conclusions about the properties of galaxies with
currently accreting SMBH.
This thesis has demonstrated that galaxies identified as LINERs and Seyferts via their optical
emission lines occupy very different host galaxies and environments, and should not be lumped
together when discussing the bulk properties of “low luminosity active galaxies.” This has unfortu-
nately occured quite often in recent studies of the properties of AGN and their hosts(e.g. Kauffmann
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et al., 2003; Wake et al., 2004; Li et al., 2006; Kauffmann & Heckman, 2009; Choi et al., 2009). Such
results are suspect, because their overly broad classification of “AGN” includes these two wildly
differing populations, one of which may not even posess a black hole with significant accretion.
Whether most, or even the majority, of LINERs are powered by emission from an accreting su-
permassive black hole, their properties are so different from other weak AGN that they should be
considered a distinct class of objects.
On the other hand, at moderate scales (∼ 1 − 10Mpc), broad and narrow line bona fide AGN
live in similar environments. This result supports the theory that observed differences between such
AGN are primarily driven by inclination angle observational effects. Our results are also consistent
with cosmic downsizing; actively accreting black holes in the current universe live in significantly
less dense environments than typical galaxies and thus less dense environments than the luminous
quasars in the earlier universe (Coil et al., 2007; Hickox et al., 2009; Coil et al., 2009).
7.3 Future Directions
Each of the projects described in this thesis have clear follow-on studies that can either extend or
improve on the stated results. A combination of techniques (e.g. X-ray plus optical selection of AGN
for an improved measurement of the correlation function) will produce the strongest new results. I
outline here some of the future directions in which I hope to take this work.
7.3.1 A deluge of optical spectra
The upgrades to the SDSS telescope and spectrograph that have been performed for the SDSS III
Baryon Oscillation Spectroscopic Survey (BOSS)1 are pushing the large red galaxy (LRG) spectro-
scopic limit down to i < 20.1 (Figure 7.3.1). This survey will map the spatial distribution of galaxies
and quasars to measure the baryon acoustic peak (Eisenstein, 2005; Eisenstein et al., 2005; Percival
et al., 2010) at high precision, and constrain our cosmological model. Such a survey entails precisely
measuring the large scale (> 50h−1Mpc) correlation function of mass tracers (LRGs at z < 0.6,
and quasars at z < 2.5) to identify the baryon acoustic peak (see Figure 7.3.2 for an example from
previous SDSS data), which represents a “standard ruler” and constrain the expansion rate of the
1More details at: http://www.sdss3.org/cosmology.php
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Figure 7.3.1: Improvement in survey depth with redshift for the BOSS survey. Plotted are
the SDSS main sample galaxy survey to r = 17.77, the SDSS LRG survey to i = 18.5, and
the current BOSS survey limit of i = 20.1. The cyan line shows the absolute magnitude of a
“typical” L? galaxy. Though not optimized for this purpose, BOSS should detect Milky Way
luminosity galaxies out to z ∼ 0.3.
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Figure 7.3.2: Large-scale redshift-space correlation function of the SDSS LRG sample from
Eisenstein et al. (2005). The error bars are from the diagonal elements of the mock-catalog
covariance matrix; however, the points are correlated. Note that the vertical axis mixes loga-
rithmic and linear scalings. The inset shows an expanded view with a linear vertical axis. The
models are Ωmh2 = 0.12 (green line), 0.13 (red line), and 0.14 (blue line). The magenta line
shows a pure CDM model (Ωmh2 = 0.105), which lacks the acoustic peak. Figure and caption
from Eisenstein et al. (2005).
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Universe. By acquiring spectroscopic redshifts of a large sample of galaxies, BOSS will be able to
measure the absolute distance scale to 1.0% precision at z = 0.35.
The SDSS III spectra will consist of 1.5 million LRGs. Though the signal to noise of these spectra
will not be as high as those of the SDSS Legacy survey, a large number of AGN will be detectable.
But finding these AGN will require well constrained fits to the stellar populations and emission
lines, and improved fitting techniques to deal with the noiser spectra. As a probe of AGN hosts and
environments, the full power of this survey comes from combining it with wide area surveys for X-
ray, IR and radio emission. Even current data, such as the Chandra Source Catalog (CSC, Fabbiano
et al., 2007), Chandra Multiwavelength Project (ChaMP, Kim et al., 2007), and the XMM-Newton
slew survey (XMM-slew, Read et al., 2005; Freyberg et al., 2006) will be able to identify a sizeable
number of AGN among the galaxies that BOSS has acquired redshifts of.
7.3.2 Additional AGN selection methods
This current work focused primarily on optical data, but hard X-ray data represent a very strong
tracer of AGN activity. eROSITA (Predehl et al., 2010) (set to launch in 2012) will map the X-
ray sky to relatively hard energies (0.2 − 12 keV) over large areas. However, eROSITA’s angular
resolution will be rather poor (∼ 25′′), necessitating X-ray/optical cross matching techniques for
large PSF surveys like those developed in Chapter 3 to separate true matches from spurious matches.
eROSITA’s depth should allow the detection of moderate luminosity AGN (LX ∼ 1043 erg/s) up to
redshift z ∼ 0.5. Coupled with the SDSS III BOSS spectroscopic survey, which should be nearly
complete by 2014, this provides the opportunity to measure the evolution of AGN clustering from 5
billion years ago to the present day, from a single, robust data set, compared with a well calibrated
background galaxy catalog.
Hard X-ray measurements of a small number of AGN (Schawinski et al., 2009b) reveal that
essentially all AGN hosts occupy a transitionary population. Hard X-ray emission (> 10keV) is
considered to be one of the most unbiased tracers of accretion activity, as it is mostly unaffected by
obscuration, and all accreting sources, regardless of efficiency, are expected to emit strongly in this
energy regime. Schawinski et al. (2009b) combined the SDSS galaxy catalog with the first Swift BAT
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Figure 7.3.3: Color-magnitude diagram for the host galaxies of X-ray selected AGN and normal
galaxies. Although the red sequence and blue cloud together contain by far the majority of all galaxies,
all the hard X-ray selected AGN lie in the green valley. Reproduced with permission from Schawinski
et al. (2009b).
catalog of 103 AGN (Tueller et al., 2008), identified through their 14-195 keV emission, to create
a nearly unbiased sample of 21 local AGN. They found that all of their sources, including both
obscured and unobscured AGN, were in the so-called “green valley,” with neither high ongoing star
formation nor completely dead stellar populations (Figure 7.3.3). Because the green valley contains
many fewer objects than either the red sequence or the blue cloud, this finding is highly significant.
This suggests that AGN activity is related to a specific phase of galaxy evolution: galaxies that show
AGN activity in the local universe are not just a random sampling of spirals and ellipticals. Parejko
et al. (2008) also found that there are very few X-ray sources from the ROSAT All Sky Survey
(RASS) positionally coincident with SDSS identified HII galaxies even though there are more than
100 times as many HII galaxies as Seyferts. These X-ray observations lend support to the star
forming–transition–Seyfert–LINER–quiescent evolutionary track put forward by Schawinski et al.
(2007) and Constantin et al. (2008). Though the numbers of AGN detected at such high energies
are few, they can be used to test the “ground truth” of other classification schemes.
Chapter 7: Conclusion
120
7.3.3 Classifying AGN Host Galaxies with Galaxy Zoo
Today’s large surveys such as the SDSS contain millions of galaxies with good photometry, precluding
morphological classification by individual astronomers. While machine learning and classification
algorithms have advanced significantly over the years (Lahav et al., 1995; Ball et al., 2004) there
are still tasks for which humans are uniquely suited. To obtain morphological classifications of
more than 300,000 galaxies from the SDSS spectroscopic survey, Galaxy Zoo (Lintott et al., 2008)
leverages millions of years of human pattern-recognition development. The Galaxy Zoo website2
was opened to the public in July 2007 and has had more than 220,000 unique visitors. It exploits
the powerful pattern-matching ability of the human eye to classify galaxy morphologies using SDSS
photometric data. The Galaxy Zoo team has already published 8 papers, with 10 more submitted
or accepted, on topics ranging from the identification of a new class of highly star forming galaxies
at z ∼ 0.3 (Cardamone et al., 2009), to a catalog of blue elliptical galaxies in the local universe
(Schawinski et al., 2009a), to a detailed study of the environmental dependence of morphology
and color (Skibba et al., 2009). Comparison of the measured galaxy morphologies by Galaxy Zoo
“citizen scientists” and professional astronomers shows a better than 90% agreement in nearly all
cases (Lintott et al., 2008). In addition, because multiple people have classified every galaxy–the final
sample from Galaxy Zoo 1 had a mean of ∼ 38 classifications per galaxy (Section 3 of Lintott et al.,
2008)–each classification has an associated confidence level, allowing the creation of samples with
different classification reliability. The success of Galaxy Zoo has spawned a much more ambitious
project, Galaxy Zoo 2, to identify galaxies with bars, to measure the number and winding strength
of spiral arms, and to measure the shape and prominence of galactic bulges.
Using morphologies from Galaxy Zoo, Schawinski et al. (2010) found a difference in the total
stellar masses and AGN fractions of early- and late-type hosts of optically identified Seyferts. Seyferts
are preferentially found in less massive early-type hosts and more massive late-type hosts. Also, in
early-type galaxies the least massive black holes are more likely to be active, while in late-type
galaxies, it is the most massive black holes that are active. Following on this study, I propose to test
2http://www.galaxyzoo.org/
Chapter 7: Conclusion
121
predictions of the clustering of these different AGN hosts: the low mass, early-type galaxies with
AGN should be less clustered than their non-AGN, early-type counterparts, while the higher mass,
late-type AGN should be more clustered than their non-AGN, late-type counterparts. To perform
this measurement, I will employ the power of AGN/galaxy cross-correlation on these small samples,
probing the relationship between large scale structure, galaxy morphology, and black hole accretion.
Galaxy Zoo classifiers have also identified merging galaxy systems in the SDSS. Darg et al.
(2010b,a) describe the properties of 3003 merging galaxy pairs in the local universe. They found
that merging galaxies have a broader distribution of u-r colors than a control sample of galaxies,
with a significant blue tail from increased star-formation in spiral mergers. However, as we found
in Chapter 4, they did not find a noticeable increase in optically-identified AGN activity in their
sample. If mergers trigger AGN activity, as has been suggested by semi-analytic modeling (Hopkins
et al., 2009), then the time period when the merger and the (optically-identified) AGN are both
visible must be very short, if they overlap at all. I will combine these identifications of a large
number of merging galaxies with measurements at other wavelengths, to search for hidden AGN and
build on our study of AGN in merging galaxies in voids. The Galaxy Zoo merger catalog allows
comparisons of the properties of merging galaxies inhabiting different large scale structures.
The AGN unification scheme (Antonucci, 1993; Urry & Padovani, 1995) suggests that differences
in AGN classifications are due to differences in the inclination angle of the accretion disk and
surrounding material. But the host galaxy can provide a substantial amount of obscuration by dust,
which may require adjustments to the unification scheme Keel (1980); Osterbrock et al. (1992). We
can test this with data about face-on and edge-on spirals from Galaxy Zoo by studying the effect of
host galaxy inclination angle on the AGN detection fraction.
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